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Abstract((!
The sound radiated during a tennis impact has been shown to greatly influence the perception of 
‘feel’ but has also been suggested to contribute to the perception of equipment quality, as is the 
case with many other consumer products.  In an industry that is governed by design limitations, 
tennis racket manufactures are continually aiming to differentiate their products from their 
competitors’ and the sound character of a racket is seen as one such method to do so. 
In order to control the sound radiated from a tennis racket it was first necessary to identify how 
a tennis racket radiates sound.  Through a number of controlled player tests, involving 
groundstrokes and serves, the sound was recorded along with measurements of the physical 
vibrations excited in the frame.  Analysis of the data revealed typical characteristics of the sound 
in the time and frequency domain.  The sound was split into two sections to aid the analysis; an 
initial impulsive component that decayed very quickly and a ringing component that was of much 
lower amplitude but decayed at a much slower rate.   The evolution of the frequency content 
over time was also investigated, however, the data provided much more information as to where 
each frequency component originated by analysing the data together with the experimental 
modal analysis data. 
The experimental modal analysis of a tennis racket was a vital stage in understanding which 
components of the racket were responsible for radiating the identified frequency component in 
the sound spectrum.  The investigations identified frame bending modes, out-of-plane and in-
plane, as well as torsional modes, hoop modes and stringbed modes.  To enable direct 
comparison between the natural frequencies excited during a tennis shot and the frequencies 
recorded from a freely suspended racket, the effect of the hand on the modal behaviour of the 
racket was analysed; experimental modal analysis data from a hand-gripped racket was compared 
with data generated by adding simulated mass to the modal model of the freely suspended racket. 
The first stringbed mode was identified as a key contributor to the sound of the racket, especially 
in the ringing component of the sound.  Analysis of the physical vibrations in the frame following 
a tennis shot revealed that the first stringbed mode excited the frame of the racket, which is 
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thought to be the reason why stringbed modes contribute to the sound more so than their 
surface area would suggest that they are capable of.   
Analysis of the relationship between subjective perceptions of players and calculated sound 
metrics suggest a negative correlation exists between the duration and loudness of a tennis shot 
and the appeal of the sound.  Further investigations involving a jury to evaluate the appeal of a 
tennis impact sound, modified in terms of duration, revealed further evidence to support the 
theory that tennis impact sounds of greater duration are less appealing than those that decay 
quickly.   
This is the first study to investigate the sound radiated from a tennis racket and has identified 
how the sound is radiated from the racket and also suggests which parameters of the sound are 
considered appealing to tennis players.  With this information it is possible to suggest design 
modifications that would influence the sound of a tennis racket in a predictable manner. 
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In-plane Motion parallel to the plane of the stringbed 
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τ Time constant (s) 
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Chapter(1!
INTRODUCTION!
Over recent decades, sports equipment companies have been designing new products and 
modifying their existing products to outperform competitors in their quest to acquire a larger 
share of the market. The 'power' of a golf club or a tennis racket is seen as one of the major 
performance factors as it determines the distance or resultant velocity achievable.  With the 
addition of new materials and manufacturing techniques, the scope for performance 
enhancement increased dramatically during the latter part of the twentieth century.  These new 
items of sports equipment were seen by many to be altering the nature of the sport in question 
(Busch, 1998; Coe, 2000).  Such advancements have resulted in the governing bodies of golf 
(R&A and USGA), imposing regulations that limit the spin rates by controlling groove geometry 
and also limiting the COR of certain clubs to reduce the importance of distance in the 
professional game. 
The International Tennis Federation (ITF) has funded research projects to determine the effect 
of composite rackets on the speed of the game and to investigate if the racket’s 'power’ can be 
controlled (Kotze et al, 2000).  As a result of these studies, the ITF has not felt it necessary to 
control a racket’s ‘power’ at the present time but may do in the future to “preserve the nature of 
tennis” (Miller, 2003).  Due to existing ITF rules and regulations covering the design of the 
racket, it has become very hard for manufacturers to produce innovative rackets that have 
significantly better performance characteristics than their competitors.  Even if this was 
achieved, the ITF has the authority to prohibit a racket to be used in competition if they feel that 
it is having a negative effect on the game (www.itftennis.com).  In view of this, and to 
differentiate themselves from competitors, tennis racket manufacturers and other sports 
equipment companies need to design products that will satisfy the consumers without necessarily 
changing the inherent performance characteristics of the racket.          
Barrass et al (2006) theorized that in order for players to perform to their full potential they must 
feel comfortable with their equipment.  Studies have previously identified auditory sensations as 
key influencers of total perception in ball-implement impact sports (Roberts et al, 2005b; 
Hocknell et al, 1996; Bower & Cross, 2001).  
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1.1(The(contribution(of(sound(to(the(‘feel’(of(sports(equipment((
Roberts et al (2001) suggests that players often purchase new equipment based on the conception 
that their performance will improve in terms of speed, accuracy, spin, control etc.  The author 
goes onto to state that the user may not be able to perform to their full potential if they feel 
“physically or psychologically uncomfortable using the equipment”.  The measurement of ‘feel’ is 
therefore important to manufacturers, who are trying to sell products, and also for coaching 
organisations looking to optimise their athlete’s performance.  In order to measure ‘feel’, one 
must first understand the components that ‘feel’ is comprised of.  Research by Steele et al (2007) 
showed that aesthetic and tactile qualities of tennis balls can strongly influence perceptions of 
perceived quality, another point that may also prove to have wider commercial implications. 
The ‘feel’ of a tennis shot refers to a player’s subjective impression of a shot determined from 
the feedback received from an impact.  The physical aspect of the feedback comprises of internal 
and external components; the player’s internal proprioception (kinaesthetic perception) allows 
them to sense the movement and position of their limbs during the swing and for comparison 
with previous swings.  External sensations include force being applied to the hands as well as 
visual and auditory information relayed via the eyes and ears respectively.   
Sensation refers to the initial process of detecting and encoding the environment (Schiffman, 
2000). This can be from the external environment, detected via one of the exteroceptive senses 
(sight, smell, taste, touch and hearing) or from an internal sensation, detected by interceptive 
senses. Kinaesthesia is an interceptive sense that gauges specific body part positions and 
movement via proprioceptors (Geldard, 1972). Whether the sensation is internal or external, the 
stimulus is then converted to a nerve signal that travels to the brain. It is here where the stimulus 
becomes part of a psychological process; the information is interpreted, organised and integrated 
with previous experiences to convert the sensory information into perceptions. These 
perceptions then formulate a response (Schiffman, 2000). Thus, there are two distinct processes 
that cause human response, detecting a stimulus and developing a perception. In reality it is very 
difficult to separate sensation and perception, as it is impossible to exclude the cognitive process, 
therefore, the phenomena are unified (Schiffman, 2000).  
Clearly a tennis player, or any other sportsman, will not be greatly influenced by the taste or 
smell of their equipment, so the remaining senses include sight, touch, and hearing.  The visual 
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system monitors ball flight from which an opinion on ‘performance’ or ‘power’ can be 
determined. The feedback from the sound and vibration generated during the impact is 
important for the player to determine how ‘good’ or ‘clean’ the strike was, which in turn reflects 
on the perceived quality of the equipment (Barrass et al, 2006).  In today’s market where two 
rackets can have comparable performance characteristics, the ‘feel’ of a racket could be one of 
the main parameters that the consumer uses to differentiate between products (Roberts, 2006).  
In golf, Hocknell et al (1996) identified that out of the three components of ‘feel’, the sound of 
the impact is the most important. 
A thesis by Davies (2005) describes the parameters of a tennis ball impact that influence the 
perception of ‘feel’; through play tests and unstructured interviews the author found that the two 
parameters that influenced the ‘feel’ of the ball were sound and vibration at impact.  Similar 
studies by Statham (2007) found that the sound of a tennis impact was one of the most 
important factors in determining the ‘feel’ of an impact.  Although both of these studies 
identified sound as a major component of ‘feel’, neither study identified the important 
parameters of the sound nor how sound parameters such as amplitude, frequency or duration 
affected the perceived ‘feel’ of the impact. 
Davies (2005) provides the only evidence regarding the parameters of the sound radiated 
following a tennis impact, Fig 1.1 illustrates the sound pressure measured by a single point sound 
level meter positioned “as close to the impact location as possible” from a flat serve.  Fig 1.2 
illustrates the mean spectra calculated from four different ball types.  The aim of the study wasn’t 
to investigate the sound of a tennis racket but rather to analyse the effect of sound on the 
perception of ‘feel’.  Nevertheless, the figures do suggest that the majority of the sound decays 
by 70 ms after the impact and that the energy in the signal is concentrated below 1500 Hz.  It is 
important to note that the data in Figs 1.1 & 1.2 is from a single racket and shot type and that 
the sound was measured in an indoor tennis centre where it is likely that reflections from the wall 
will influence the sound.  
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Fig 1.1 – Example of sound recorded from a flat first serve (Davies, 2005) 
 
Fig 1.2 – Mean spectra of sound radiated from four different balls (Davies, 2005)  
While there have been relatively few studies that have set out to investigate the effect of product 
sound on performance or perception in sport, a number of studies have found that players can 
display sensory confusion when it comes to sound.  Stringbed dampers are small rubber pieces 
that fit in between the strings of the stringbed.  Manufacturers claim that these products reduce 
harmful vibrations propagating up the arm (www.gammasports.com) but the effect they actually 
have on the dynamics of the racket and the subsequent effect on the player is not fully 
understood.  Stroede et al (1999) researched the effect of string dampers on player discomfort, 
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using accelerometers to measure frame vibrations.  He found that the dampers did not dampen 
out the frame vibrations, however, players reported higher levels of discomfort when using a 
racket without a string damper.  Given that a player can only detect low frequencies (<200 Hz) 
from tactile senses (Reynolds, 1977), Stroede concluded that this must be due to the sound.  This 
was reinforced by a further study that found when players wore noise cancelling headphones 
they could not detect a difference in discomfort levels between damped and undamped rackets.  
Li et al (2003) found that string dampers had no effect on muscle activation and vibration 
duration at the elbow.  The author attributed the perceived effect to have more to do with 
“psychological processes and beliefs rather than biomechanical and psychological benefits” (Li, 
2003). 
Bower and Cross (2003) investigated players’ ability to detect changes in string tension and found 
firstly, that advanced recreational players had limited ability to correctly identify changes in string 
tension and secondly, the few players who were originally successful became less able when their 
auditory sense was diminished.  Sound is an interesting dimension of ‘feel’ as it is intrinsically 
linked to vibration. Davies (2005) investigated the dimensions that contribute to the ‘feel’ of 
tennis balls; one of his conclusions was that the sound of the impact has an influence on the 
player’s perception of the tactile ‘feel’ of the impact.  Subjective and objective analysis of tennis 
ball impacts suggested that the players perceived harder balls to be louder, faster off the racket 
and produce a sound that was higher in pitch.  Objective analysis using basic psychoacoustic 
metrics indicated a good correlation with the subjective data.  Davies (2005) suggested that the 
distinctive sound emitted from pressureless balls might be a reason why the tennis community 
has not generally accepted them even though from a physical point of view they behave very 
similarly.  It is unclear whether the sound is not liked by tennis players because of distinctive 
features that humans generally find unpleasant or because it sounds different compared with the 
majority of tennis balls.  Although this study investigated the effect of sound on the perception 
of tennis balls it is important to note that the sound produced during a tennis impact is a 
combination of both ball and racket sound.  No study has yet identified the contribution of 
different components (ball, frame, strings, damper) on the sound generated from an impact. 
The following section discusses the current literature regarding the dynamic behaviour of tennis 
rackets.  This was deemed important as most noise and vibration problems can often be 
attributed to the natural frequencies of the system in question, in this case the tennis racket. 
(Dossing, 1988).  
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1.2(Tennis(Racket(Dynamics(
Many researchers have investigated racket vibrations and their effect on player discomfort.  
Boundary conditions have a considerable influence on the vibration properties of tennis rackets, 
and, in a quest for repeatable results, researchers have used a number of gripping conditions in 
controlled tests.  Some are relatively simple, such as clamping the racket handle (e.g. Baker and 
Putnam, 1979) while others are comprised of more complex mechanisms (e.g. Elliott, 1982) that 
aim to replicate the influence of the hand on the racket handle.  Using a subject to actively hold a 
test racket may seem a logical method, however individual differences and subject fatigue are 
among the factors that would make the tests unrepeatable and hence not suitable for objective 
analysis.  Clearly the dynamic properties of the test rackets need to be as similar to hand held 
rackets as possible; however the need for reliable repeatable results is equally important.      
A racket clamped at the handle has a fundamental frequency of 25-40 Hz and behaves like a 
diving board; however, if the racket is held freely its fundamental frequency increases to 125 – 
200 Hz and has two nodes as illustrated in Fig 1.3 (Brody, 1987).  
. 
Fig 1.3 - Oscillations of a tennis racket with its handle clamped (a and b) and with the racket free (c) (Brody, 
1987) 
The majority of researchers agree that a hand held racket behaves similarly to a free racket (for 
example: Brody, 1987, 1989; Cross, 1998), despite this several authors (Oh & Yum, 1986; Timme 
& Morrison, 2009) used clamped rackets when investigating the dynamic characteristics of a 
tennis racket.  Many experiments have been conducted to determine the influence of gripping 
condition on the racket's coefficient of restitution (COR).  The results are inconclusive as to 
which method is most suitable.  A common reason given by researchers to explain why freely 
(a)                (b)             (c) 
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suspended rackets and grip clamped rackets have comparable COR values have been attributed 
to the propagation speed of the fundamental out of plane bending mode (Brody, 1997; Cross, 
1997).  The velocity of the transverse wave was estimated to be 100 – 120 ms-1, which implies 
that the wave takes around 8 ms to travel from the impact location to the handle and back to the 
stringbed.  As a typical contact time is 4-5 ms, the ball would have left the stringbed before the 
impulse of the wave can have any effect.  However, in terms of vibrational analysis, there were 
significant differences between clamped, free and hand-gripped rackets.    A dynamic analysis of 
a tennis racket by Cross (1997) revealed that the velocity of the first bending mode was not 
substantial enough for the wave to travel to the handle and back to the impact location, and 
therefore Cross assumed that gripping conditions have no effect on the resultant ball velocity. 
Brody (1989) measured the fundamental frequency and damping time of a tennis racket using a 
piezoelectric transducer.  The results showed that, for a freely suspended racket, the decay time 
of the fundamental frequency was between 180 and 750 ms, in contrast to the 20 to 30 ms it 
took for the fundamental frequency of the hand held racket to decay.  Brody also noted that grip 
strength had a significant effect on the decay time as a loosely held racket decayed at slower rate 
than a racket held in a regular manner.  
In a subsequent study by Cross (1998), piezoelectric elements were attached to the tip of the 
racket to measure the dynamic response; the results provide further evidence that a hand held 
racket behaves more similar to a free racket than a clamped racket.  A review carried out by 
Kotze et al (2000) summarises that a freely suspended racket is the most suitable gripping 
condition due to the similar mode shapes and frequencies to hand held rackets although 
acknowledged the following differences.  
• Handheld rackets have a 10% lower fundamental frequency 
• The fundamental frequency of the handheld racket decays after 20 to 30 ms compared 
with 180 to 750 ms for the free condition. 
The literature suggests that the gripping condition greatly affects the first bending mode but the 
effect on higher natural frequencies is less clear and the different gripping conditions do not 
have any effect on the vibration properties of the strings (Kotze et al, 2000). Studies examining 
racket vibrations tend to either measure the vibrations of an actual hand held racket (Stroede et 
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al, 1998) or a freely suspended racket (Brody et al, 2002).  The similar results show further 
evidence that a hand held racket behaves in the same way as free racket. 
The characteristics of the fundamental mode of tennis rackets has been the subject of many 
investigations because it is thought to relate to the discomfort felt during impact by some players 
(Brody, 1987; Maeda & Okauchi, 2002) whilst other researchers suggest it is responsible for the 
development of tennis elbow (Segesser, 1985).  The first natural frequency of other products 
(cricket bat and golf) is also thought to contribute somewhat towards the force imparted to the 
ball being impacted (Knowles et al, 2996; Mather, 1996), however for the fundamental frequency 
of a tennis racket to affect the impact it would need to be above 200 Hz. 
While the majority of research to date has focused on the racket’s fundamental frequency, 
investigations using accelerometers placed on a racket frame during a typical tennis impact have 
revealed that frequencies up to 1500 Hz are excited during a typical forehand drive (Stroede, 
2002; Davies, 2005; Barrass, 2007).  Given that humans are able to sense vibrations at 
frequencies up to 1000 Hz (Reynolds et al, 1977) through tactile receptors and can hear 
frequencies between 20 – 20000 Hz (Cutnell et al, 1998) it is important to analyse the dynamic 
behaviour of a racket beyond the fundamental frequency. Several studies have been conducted 
where the mode shapes of higher natural frequencies have been identified; Vethecan et al. (2002) 
and Iwatsubo et al. (2000) each identified the 2nd bending mode and 1st torsional mode. Korte et 
al. (1990) investigated the differences between conventional midsize rackets and the, then new, 
wide body rackets and found that the wide body racket’s bending and torsional natural frequencies 
were far higher than those of the midsize racket.  Timme et al. (2009) identified the first seven 
stringbed mode shapes of a clamped tennis racket using electronic speckle-pattern 
interferometry; the first stringbed mode was found to be at 562 Hz.   
Computational modal analysis of finite element models of tennis rackets has been performed by 
a number of researchers (Casolo et al 2000; Yao-dong et al, 2007) and while the mode shapes of 
the lower frequency modes correlate well with experimental data, far more mode shapes were 
been identified up to a frequency of 745 Hz for which comparable experimental data does not 
currently exist.  Casolo (2000) analysed the effect of a lumped mass on the handle of the finite 
element model to simulate that of the hand, the results suggests that adding lumped mass to the 
handle, “equivalent to that of a player”; results in frequencies of the frame modes reducing by 
circa 10 %. 
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Previous Experimental Modal Analysis (EMA) on tennis rackets has only considered vibration 
modes with predominantly out-of-plane motion.  However, with modern tennis being dominated 
by aggressive topspin shots (Cross & Lindsey, 2005) in which work is done on the ball by a non-
normal interaction between ball and stringbed, in-plane stringbed modes of vibration are being 
excited more readily than ever before.  Previous research (Vethecan et al, 2002; Iwatsubo et al, 
2000) has shown that it is possible to damp out-of-plane vibrations once the mode shapes of the 
unwanted frequencies are identified using strategically placed tuned dampers.  If the mode 
shapes of the in-plane vibrations are also known then similar devices could be used to damp 
these. 
While the effect of the hand on the racket’s fundamental frequency is well documented, the 
effect of the hand on higher frequency modes is still being debated and is a necessary process to 
understand in order to adequately identify the natural frequencies excited in the tennis racket 
during impacts.  Given that vibrations up to 1500 Hz have been shown to be excited in the 
racket, the current knowledge regarding the modal behaviour of a tennis racket is not sufficient 
to be able to identify the mode shapes excited during an impact. 
1.2.1!Vibration!absorption!
Although there is a lack of published research concerning the transfer of racket vibrations into 
acoustic signals, the subject of transfer of energy from the frame to the hand has been 
researched by numerous investigators.  Research suggests that vibrations in a hand held racket 
decay an order of magnitude quicker than a freely suspended racket (Brody, 1987), in addition 
Hatze (1976), Brody (1989) and Elliot et al (1982) all suggest that the human hand is the best 
method of damping out vibrations.  However there are several other ways that the vibrations 
excited in the racket can be dissipated. 
There have been numerous studies that have assessed the effectiveness of stringbed dampers at 
attenuating racket vibrations (for example: Wilson & Davis, 1995; Li et al, 2003; Cottey et al, 
2006).  It is generally agreed that the stringbed dampers are of insufficient mass (10 g) compared 
to the frame (>250 g) to cause any noticeable damping to the frame vibrations, especially the 
lower frequency vibrations that are typically associated with causing tennis elbow (Li et al, 2003).  !
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Fig 1.4: Frequency of vibrations recorded from damped and undamped rackets. (Reproduced from Stroede, et al 
1998) 
Although the benefit of players using these string dampers is still debatable, several researchers 
have investigated their effect on the racket’s dynamic properties.  During the study conducted by 
Stroede (1998), where he investigated the effect of a stringbed damper on impact discomfort, he 
measured the vibration response of damped and undamped rackets using an accelerometer 
mounted onto the handle of the racket.  The author suggested that the first two peaks, Fig 1.4, 
were the first and second frame bending modes.  The third peak, in the undamped racket, was 
attributed to the first stringbed mode.  This small peak was not present from the damped racket, 
which lead the author to suggest that a stringbed damper reduces the amplitude of stringbed 
vibrations.  
11 
 
Fig 1.5: Vibration response of unstring, strung and damped racket (Mohr et al, 2008) 
Mohr et al (2008) impacted a freely suspended racket and captured the vibrations generated at the 
handle with an accelerometer.  Fig 1.5 shows the spectrum from an unstrung (dotted blue), 
strung (purple) and damped (yellow) racket.  The investigator suggested that for the strung 
racket, the peak at around 660 Hz is a frame bending or torsion mode and the large peak at 720 
Hz is due to the first stringbed mode.  The vibration trace is very different for the damped 
racket, with the two peaks mentioned now not detectable, Mohr et al suggested that the stringbed 
mode had shifted from 720 Hz to 530 Hz.  Stroede et al (1998) suggested in his conclusion that 
the damper attenuates the amplitude of the stringbed mode however the results from Mohr et al 
indicate that the stringbed damper not only decreases the amplitude but also shifts the modes 
down the frequency scale. 
From the literature it is evident that string dampers affect perceived comfort but do not alter the 
racket’s vibration that can be felt by the player.  Therefore it is possible to suggest that the string 
damper’s influence on the sound of the impact has the greatest effect on perceived comfort.  
Although it is generally accepted that string-dampers affect the sound radiated from an impact, 
the resultant difference has not been quantified.  Also not fully understood, is the physics behind 
how a stringbed damper affects the sound.   
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1.3(Research(Aims(and(Objectives(
While there appears to be evidence to suggest that the sound of a racket is an important factor to 
the players’ perception, all the evidence has come from studies that were primarily investigating 
other parameters and only considered the sound of the racket as a secondary objective.  
Consequently the level of knowledge concerning this area is far below that of similar areas in 
other aspects of engineering; such as the sound quality of car engines or even car doors, each of 
which has been extensively researched for many years.  While the overall aim of this area of work 
is to enable a racket to be designed and manufactured with an appealing sound signature 
independent of the type of racket, the work has been broken down into three distinct areas; 
understanding the racket as a sound source, psychoacoustics (the study of sound 
perception) and sound design.  Table 1.1 outlines the research objectives under each heading.  
It is important to understand how the racket radiates sound so that sound engineers can redesign 
the racket to alter its sound signature; in partnership with this the sound engineers also need to 
know the sound characteristics that are conducive to an appealing sound.   
The reason why the sound radiated from the racket is the focus of this thesis, rather than the 
sound radiated from the ball is because the sound radiated from the tennis ball has been partly 
investigated by Davies (2005), where the author suggested that the sound radiated from all 
pressurised balls was very similar with the non pressurised ball being the only ball that radiated a 
different sound.  As well as the fact that the sound radiated from a tennis racket during a tennis 
impact has not been documented before, the racket is much more complex mechanical system 
compared with the ball.  A tennis racket is comprised of many layers of carbon fibre that form 
the hollow frame of the racket and then the stringbed is an elastic mesh structure with its own 
mechanical properties that is also coupled to the frame of the racket, this means that the method 
by which a racket radiates sound and how that sound can be controlled is likely to be much more 
diverse than the process of how the ball radiates sound. 
The first stage in understanding how the racket radiates sound is to identify the mode shapes 
excited by a ball impact and subsequently to identify which of the mode shapes are capable of 
transferring their physical vibrations into sound pressure.  To enable modes to be identified from 
modal data obtained from freely suspended rackets, it is first necessary to understand the effect 
that the hand has on the modal behaviour of the racket.  From this knowledge, the components 
of the system (ball, frame, stringbed) responsible for radiating each frequency component in the 
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sound spectra will be identifiable.  As it is known that a stringbed damper greatly affects the 
sound of a racket, it is important to understand the physical process that enables the damper to 
alter the sound.  The racket system is comprised of two main components; the frame and 
stringbed.  While each component has its own mode shapes the fact that the components are 
connected suggests that they will influence each other; it is therefore predicted to be important 
to understand the effect of aligning the frequency of frame and stringbed modes.  Finally a test 
protocol is needed to enable future testing of tennis rackets to evaluate their sound quality 
efficiently. 
In combination with the physical acoustics of tennis rackets, the other side of this project is to 
understand how players perceive tennis sounds and which components of the sound are 
considered appealing and which are considered unappealing.  Current psychoacoustic metrics 
need to be evaluated to determine their suitability for characterising the sound quality of tennis 
shots.    By understanding how a tennis racket radiates sound and identifying key characteristics 
that are appealing in the sound radiated, it should be possible to suggest methods to improve the 
sound of a tennis racket by making design changes. 
Table 1.1: Research objectives divided into 3 subcategories.  Objectives that are outside the scope of this thesis are 
shown in italics. 
Understanding the racket as a 
sound source 
To correlate simultaneously measured impact sound with racket 
/ string vibrations 
To understand the effect of the hand on the dynamic behaviour 
of the racket 
To identify the racket, string and ball components of sound 
spectra from tennis shots 
To quantify the effect of adding a stringbed damper on physical 
vibrations and sound spectra 
To investigate the interactions between the natural frequencies 
of the string and racket in creating an impact sound 
To develop a test protocol that is able to test the radiation 
efficiency of future rackets  
Psychoacoustics / player 
perception 
To determine the suitability of existing sound metrics to 
characterise tennis impact sounds 
To identify sound characteristics associated with a “good” or 
“bad” impact sound 
To manipulate sound characteristics and evaluate the effect on 
players’ perceptions 
Sound design 
 
To identify the key parameters of the impact system which affect the resulting 
impact sound 
To demonstrate that a parameter change results in a predicted sound 
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This amount of work was considered too great for a single PhD study and it was decided to 
focus the investigation mainly on understanding the racket as a sound source and to link the data 
to player perception where possible.  The topic of sound design is only addressed in the final 
chapter when discussing future work. 
1.3!Thesis!Outline!
The following sections provide a brief description of the chapters and how they each contribute 
to the research objectives in Table 1.1.   
1.3.1!Chapter!2!–!Designing!for!Product!Sound!Quality!
A summary of all the literature that is relevant to the research objectives is presented in Chapter 
2.  The literature review focuses on the topic of designing for product sound quality, which 
encompasses all the information a sound engineer requires to adequately design products with 
appealing sound character.  The topics range from human sound perception to radiation 
efficiency.  Together with Chapter 1, Chapter 2 provided the information needed to form an 
experimental research agenda to meet the objectives of the project. 
1.3.2!Chapter!3!–!Introducing!the!Sound!of!a!Tennis!Shot!
As there is relatively little knowledge within the current literature regarding the typical sound 
parameters of a tennis shot, this chapter provides an initial insight into the impulsive sound from 
a tennis impact.  Information such as frequency content and duration are identified so that 
subsequent lab and field studies could be designed appropriately.  The chapter also introduces 
analysis methods used throughout the thesis. 
1.3.3!Chapter!4!–!Modal!Behaviour!of!Tennis!Rackets!
An in-depth modal analysis study of tennis rackets was conducted and is documented in Chapter 
4 to provide knowledge of a racket’s natural and frequencies and mode shapes that could then be 
used to identify the modes excited during impacts.   This chapter also investigates, using a range 
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of experimental and theoretical techniques, the effect of adding a stringbed damper to the 
dynamic behaviour of a racket.   
1.3.4! Chapter! 5! –! Response! of! Tennis! Rackets! During! Controlled! Play:!!
Objective!and!Subjective!Analysis!
Chapter 5 further examines the sound radiated and vibrations excited from a range of tennis 
shots by a sample of tennis players.  The rackets were configured so that it was possible to 
directly compare the data with the knowledge acquired from the experimental modal analysis.   
The effects of different racket frames, strings and dampers on the resultant sound are also 
explored.  As well as the objective analysis, this chapter also introduces the subjective elements 
of the thesis (Fig 1.4); player perceptions of the rackets are correlated with the metrics calculated 
from the recorded sound data to evaluate the suitability of the metrics. 
1.3.5!Chapter!6!–!Isolating!the!Sound!of!a!Tennis!Racket!
In Chapter 6, the development of a novel experiment is presented that enabled the stringbed of a 
racket to be impacted with forces and contact times similar to those experienced during real 
impacts but without radiating any sound itself, therefore ensuring that the recorded sound was 
exclusively from the racket.  The designed test rig, equipped with a force transducer to measure 
the impact forces, gives an indication of the radiation efficiency of rackets by calculating acoustic 
frequency response functions.  With these methods the effect of racket and stringbed 
configurations on the resultant impact sound is investigated to greater level. 
1.3.6!Chapter!7!–!Discussion!and!Further!Work!
Chapter 7 discusses the findings from this research and identifies areas for further work.  As part 
of the further work discussion, a jury evaluation study is presented that investigates the effect of 
modifying parameters of the sound of a tennis shot on the perceived appeal.  
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1.3.7!Chapter!8!V!Conclusions!
Chapter 8 is the final chapter in the thesis and contains the conclusions of this project with 
respect to the objectives outlined in Chapter 1.  Contributions to the current body of knowledge 
are identified and the relevance of this work for tennis racket manufactures is discussed. 
1.4(Industrial(Collaboration(
This research study was part funded by HEAD Sport who are a leading tennis racket 
manufacturer based in Austria.  All tennis hardware was provided by HEAD, although other 
brands of rackets and strings were included for comparison and to ensure that the research is 
applicable to all commercially available rackets.  This research project is focused on the HEAD 
AirFlow 7 (Fig 1.6), a racket that was introduced to the market with a 740 cm2 headsize and a 
mass of 246 grams making it one of lightest rackets with one of the largest stringbed areas 
commercially available.  While the racket was technically good in terms of performance 
characteristics, there was anecdotal evidence to suggest that it was not as appealing as other 
rackets on the market in terms of the sound that it radiated during impacts.  From this point 
forward the name of this racket has been abbreviated to AF7.  
 
Fig 1.6 – AirFlow 7 tennis racket. 
 !
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Chapter(2!
DESIGNING!FOR!PRODUCT!SOUND!QUALITY!
 
The sound emitted during a tennis impact has been identified as a key variable that affects the 
perceived quality of a shot (Davies, 2005; Barrass et al, 2006).  As well as providing indications as 
to impact location, Roberts et al (2006) suggests that the sound and vibration affects the 
perception of quality of the equipment being used, in this case the racket.  To further understand 
how impulsive sounds from tennis impacts can lead to a perception of quality, it is first necessary 
to understand the human hearing process.  Later in the chapter, the techniques used to design 
products with appealing sound quality are discussed along with how the techniques can be 
integrated into a standard design process. 
2.1(Human(Hearing(
!
 
Fig 2.1 – Components of the human ear. (Moore, 2003) 
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Unlike the eyes, which have lids to prevent stimuli from entering, the ears receive stimuli all of 
the time.  Similarly to most mammals, human ears comprise of an outer ear, a middle ear and an 
inner ear as illustrated in Fig 2.1.  The outer ear is comprised of the visible part (the pinna) and 
the auditory canal (meatus).  Sound waves collected by the pinna travel down the meatus causing 
the eardrum (tympani membrane) to vibrate.  Three small bones; the malleus, incus and stapes 
are responsible for transmitting vibrations from the eardrum to the oval window in the inner ear.  
The vibrations are then passed through to the cochlea, which is filled with an almost 
incompressible fluid called endolymph.  Inside the cochlea, thousands of hair like nerve endings 
detect these vibrations and pass them onto the brain via the auditory nerve.  Each part of the ear 
plays a unique role in the hearing process (Moore, 2003). 
The pinna’s main function is to channel sound waves into the meatus; however, the shape of the 
pinna also modifies the incoming sound, especially high frequency tones (Moore, 2003).  This 
part of the ear is important for humans to locate the position of the sound source.  The middle 
ear (tympanic membrane, malleus, incus and stapes) is responsible for two jobs.  Firstly, it 
ensures the efficient transfer of sound waves from the air to the endolymph fluid in the cochlea.  
If the middle ear was not present, the sound waves would be reflected back from the oval 
window due to a difference in impedance of air and the endolymph fluid; for this reason the 
components of the middle ear can be thought of as an “impedance-matching device” (Moore, 
2003).  The second function of the middle ear was first suggested by Barany (1938) and has been 
supported by subsequent authors (e.g. Huxley, 1990).  It was proposed that the middle ear had 
evolved to reduce the transmission of internal sound to the inner ear.  Bone conducted sounds 
from internal movements such as chewing and joints creaking would appear louder and possibly 
mask external sounds if it were not for the middle ear.  The cochlea, in the inner ear, is wound in 
a spiral shape; however, the reason for this shape is unclear apart from saving space.  When 
describing the function and characteristics of the cochlea it is easier to think of it ‘unwound’.  
The Basilar Membrane (BM) divides the cochlea length ways from the base (oval window) to the 
apex (inner tip).  The vibrations resulting from the stapes impacting the oval window are 
transmitted along the BM.  Researchers have noted that the region of maximum deflection of the 
BM is dependent on frequency.     
The ossicles (collective term for the malleus, incus and stapes) have developed a mechanism to 
prevent damage to the delicate components of the inner ear.  If exposed to intense sounds small 
muscles attached to the ossicles contract, reducing the transmission of sound, especially for 
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lower frequencies, through the middle ear.  However, this reflex is too slow to provide any 
protection from impulsive sounds.  Another suggested reason for the contraction of these 
muscles is the reduction of the audibility of one’s own speech and to reduce the lower 
frequencies masking the middle and higher frequencies. 
Generally there are four main subjective attributes of sound: loudness, pitch, timbre and sound 
source location.  As these quantities are subjective, they cannot be measured directly, however, 
through years of research, the relationships between the physical parameters and the subjective 
perceptions of sound can be used to predict how humans perceive sounds.  
2.1.2!Loudness!
Loudness is often thought of as the physical intensity of the sound; however, it only refers to 
perception.  Loudness correlates primarily with physical sound intensity but a number of other 
sound parameters, including frequency content, duration, bandwidth and also context affect 
loudness (Plack, 2010).  Due to the fact that loudness is a subjective quantity, it cannot be 
measured directly, but methods that have been used by researchers to estimate loudness and the 
effect that different sound parameters have on the subjective quantity.  Subjects are often asked 
to match a test signal to the loudness of a standard comparison stimulus or subjects can be asked 
to rate loudness on a numerical scale.   
As complex sounds, such as a tennis impact, are often analysed in terms of their frequency 
components, it is important to understand how the frequency of pure tones affects loudness 
perception.  A typical experimental setup consists of a 1 kHz narrow band tone kept at a 
constant level and another tone, at a different frequency, is adjusted in level until the listener 
judges the two tones to be of equal loudness.  This is repeated several times with different 
frequencies for the second tone and also different sound pressure levels for the 1 kHz tone so 
that a series of equal loudness contours are created, as shown in Fig 2.2. 
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Fig 2.2 - Equal-loudness contours (ISO 226:2003). Phons scale matches with dB SPL scale for a 1-kHz tone. 
The loudness level of the tones are measured in phons.  By definition, the sound pressure level 
(dB) of a 1 kHz tone is equal to the loudness level in phons.  For example, a 1 kHz tone with a 
SPL of 50 dB will have a loudness level of 50 phons; similarly it will also have the same loudness 
level as a 125 Hz tone at 68 dB SPL.   
Guidelines and recommendations governing sound pressure levels in certain environments are 
usually given in A-weighted sound levels, dB(A) (Kjellberg et al, 1997).  This weighting adjusts 
the level of certain frequencies to compensate for the differences between human hearing and 
the flat frequency response of a microphone.  The standard A-weighting is based on human 
responses to frequencies and levels, similar to a low level equal loudness contour but not as 
accurate due to the smoother nature of the curve.  A-weighting may not be ideal for impulsive 
complex sounds as the equal loudness contours are based on human responses to stationary pure 
tones.  
Fig 2.2 also shows the absolute hearing threshold.  Minimum hearing levels will probably not be 
important for tennis impacts as the overall sound pressure levels are well above absolute 
thresholds.  Certain frequencies within the spectrum may have sound pressure levels closer to 
the hearing threshold, however, the hearing threshold is only applicable when the sound is 
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played in a quiet environment.  A tone played in the presence of another sound will have a 
higher hearing threshold.  This effect is closely related to the concept of critical bands and 
spectral masking, which will be discussed later.   
The equal loudness contours are useful for comparing loudness of different sounds, but they do 
not give an indication as to how rapidly loudness increases as sound intensity increases. Sound 
intensity is the amount of sound energy flowing through a unit area normal to the direction of 
wave propagation in a unit time.  It is a vector quantity with both direction and magnitude.  
Many studies (Robinon, 1957; Stevens, 1936; Sharf and Stevens, 1961) have investigated the 
relationship between intensity and loudness.  If the intensity is doubled (3 dB increase in sound 
level), the loudness will not be perceived to have doubled.  For a person to perceive a sound to 
be twice as loud (or half as loud) there has to be a 10 dB change in the sound level.  Stevens 
(1960) suggested that perceived loudness does not increase linearly with intensity, but instead 
loudness, L, is a power function of intensity, I, where k is a constant depending on units. 
                                                               [Eq. 2.1] 
The unit ‘sone’ was proposed to be the unit of loudness by Stevens (1956); 1 sone was defined as 
the loudness of a 1 kHz tone at 40 dB SPL.  The same 1 kHz tone at 50 dB SPL has a loudness 
of 2 sones because the increase in 10 dB doubles the perceived loudness.   
For durations over 0.5 s the minimum audible sound pressure level is independent of duration, 
however as the time decreases, the sound intensity required for detection increases (Moore, 
2003).  Early work by Garner (1947) suggested that the reason for this is because the ear 
integrates the sound wave as function of time.  Other authors theorise that a longer duration 
gives the receptors more opportunities to detect the stimuli or greater number of sampling 
opportunities.   
Impulsive sounds are defined as any sounds with duration under one second (ISO 2204:1979); 
researchers tend to agree that the loudness is constant for sounds lasting above 100 – 200 ms 
(Fahy et al, 1998; Fastl, H. 1997; Gulick et al, 1989).   If the duration is shorter, then the loudness 
of the sound is related more closely to the total energy of the sound rather than the peak level 
(Namba et al, 1976).  For sounds of duration less than 200 ms, a 3dB increase is required to 
maintain the same loudness when the duration is halved (Hassal & Zaveri, 1979). 
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Bisping (1996) investigated the effect of duration using two different filter windows, shown in 
Fig 2.3, the gaussian and the double-sided windows.  The experiment was setup so that both 
sounds had the same frequency and amplitude.  The windows were designed so that both signals 
had the same energy and so theoretically equal loudness, according to Zwicker’s loudness model 
(ISO 532:1975).  Their durations were 100-1000 ms, making them impulsive sounds.  While 
subjects perceived both sounds to increase in loudness and decrease in 'impulsiveness' when the 
duration was increased, the double sided exponential filter was deemed less impulsive than the 
Gaussian filter (when they were of equal duration).  These results imply that as the duration of 
the sound emitted from a tennis impact decreases, the perceived loudness will also decrease if 
the sound pressure levels remain constant.  However, a shorter duration will also lead to an 
increased perception of impulse.  
 
Fig 2.3 - The Gaussian and the double sided window (Bisping, 1996) 
 
The equal loudness contours cannot be used to calculate the loudness of broadband noise or 
complex tones as they do not take into account the complex frequency content and the effect of 
spectral masking.  The concepts of spectral masking and critical bands are closely related.  The 
bandwidth of the signal does not affect the loudness as long as the bandwidth is below the 
critical bandwidth.  If the bandwidth increases above the critical bandwidth then the perceived 
loudness will increase, except at low sensation levels (Zwicker et al 1957).  For a noise band with 
a centre frequency of 1420 Hz, Zwicker et al (1957) suggested the critical bandwidth is around 
250 – 300 Hz.  If the bandwidth is increased above this value, loudness increases.  Even though 
the original study was conducted with bands of noise, the results are applicable to complex 
sounds (Moore, 2003).   
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The hearing system can be thought of as a bank of band pass filters.  The filters have a fixed 
bandwidth of about 100 Hz for low frequencies and constant relative bandwidths at higher 
frequencies.  The Bark scale is used to identify the lower and upper limits of each critical band.  
For example the 6th critical band lies between 5 Bark (510 Hz) and 6 Bark (630 Hz). 
2.1.3!Pitch!Perception!
From a physical perspective, the pitch of a harmonic sound is the “perceptual correlate of the 
fundamental frequency” (Cheveigne, 1998) and the perception of pitch is generally determined 
by the frequency of the sound it is also dependent upon duration and intensity.  
Researchers (Martin & Foley, 1997: Schiffman, 2001) suggest that as sound pressure levels 
increase, the pitch of low frequency tones decrease while the pitch of high frequency tones 
increases.  The pitch perception of complex sounds is independent of intensity (Martin and 
Foley, 1997) and while duration can affect the perception of pitch, its influence is little 
(Cheveigne, 1998).    Two sounds of different amplitude, duration, spatial position and spectral 
content may still evoke the same pitch perception from the listener.   
 
Fig 2.4 - Click Pitch Phenomena (Doughty and Garner, 1947) 
Doughty and Garner (1947) presented results from their investigation that suggest that a tone 
needs to be sufficiently long for the auditory system to detect a tone, otherwise the sound will be 
heard as a click, as shown in Fig 2.4.  For a 1 kHz tone, Doughty and Garner suggest that the 
duration needed for pitch detection is 10 ms. Also, tones with the same period but different 
spectral and temporal envelopes can sound very different but evoke the same pitch (Plack, 2010).   
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2.1.4!Timbre!
As discussed in the previous section, sounds of equal intensity and pitch can be perceived to be 
quite different.  Timbre has been defined by the American Standards Association (ASA) (1960) 
as “the attribute of an auditory sensation in terms of which a listener can judge that two sounds 
similarly presented and having the same loudness and pitch are dissimilar”. It is this difference in 
timbre that allows humans to distinguish between the same musical notes played on different 
instruments. 
The timbre of steady sounds can be estimated by looking at the overall distribution of spectral 
energy (Glasberg & Moore, 2000).  Sounds with dominant lower harmonics will sound mellower 
than a sound with more energy in the higher harmonics, which will sound sharper.  The 
psychoacoustic metric ‘sharpness’, which will be discussed later, is one objective measurement 
related to timbre. 
For non steady sounds, the temporal envelope plays a key role in the timbre of a sound (Risset 
and Wessel, 1999).  A tone emitted from a piano has a rapid onset and a gradual decay, if a 
recording of this tone is reversed the timbre of the sound is different.  Even though the intensity, 
frequency spectrum and duration have not been changed, the sound no longer sounds like a 
piano but rather like an accordion.  The perception of identical sounds with asymmetrical 
envelopes has been investigated (Patterson, 1994).  For broadband noise, the damped envelopes 
emitted a sound similar to a drum being struck with wire brushes while the ramped envelope 
produced a sound with a hiss like quality that stopped abruptly.   
Due to impulsive sounds having short attack times and usually high sound pressure levels, they 
are often perceived to be undesirable.  Impulsive sounds from sports impacts, however, can have 
certain physical characteristics that enhance the feeling of a good clean shot in golf (Kuwano et 
al, 1999).  While there is good correlation between sound exposure level (LAE) and loudness level 
of impulsive sounds (Kuwano et al, 1978; Sone, 1989) there has been little research investigating 
how physical characteristics of impulsive sounds contribute to the sound quality of impulsive 
sounds.  One such study (Kuwano et al, 1999) related certain physical components of golf 
impacts to perceived sound quality.  A good correlation (r=0.974) between changes in sharpness 
(initial sharpness – final sharpness) and the impression of refreshing was observed. The initial 
sharpness was not the largest and the final sharpness appeared to always tend to zero, therefore 
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Kuwano et al assumed that the initial sharpness was most important to the perceived quality.  
The reason for this finding could be that the dynamic mechanism of human hearing is more 
sensitive at the onset of a sound than at latter stages (Namba et al 1976). 
2.2(Product(Sound(Quality(
2.2.1!Perceived!Product!Quality!
Many authors have suggested that there are two forms of product quality: objective quality and 
perceived quality.  Zeithaml (1988) noted that perceived quality could be subjective and differs 
from actual or objective quality.  The literature terms objective quality as being superior in a 
mechanical or technical sense (Dodds and Monroe, 1985; Mitra and Golder, 2006) and perceived 
quality as a subjective evaluation of the product from the consumer’s point of view (Kwak and 
Kang, 2009).  For example, a television’s objective quality attributes include screen size, 
resolution, contrast ratio but not intangible characteristics such as aesthetics and brand image.  It 
has also been established that it is not the actual quality but the subjective quality that leads to 
preference and hence sales and profitability (Anderson and Sullivan, 1993).  It is therefore 
important to define or investigate which product attributes influence the consumers’ perception 
of quality. 
Mitra and Golder (2006) theorise that “perceived quality is the overall judgement of quality 
relative to the expectation of quality”.  Previous experiences combine with price, brand 
reputation as well as advertising to form expectations (Zeithaml, 1988).  The aesthetics of 
products include colour, form, tactility, texture, flavour and odour (Lyon, 2000); these can be 
characterised as subjective quality attributes if they do not have any influence on the functionality 
of the product.  The designer must balance between “functional technology and emotional 
expressiveness” (Kuang et al, 2009).   
A product’s attributes can be split into three main categories; resource commitment, 
functionality and aesthetics (Lyon, 2000) as shown in Fig 2.5.  These attributes each have a set of 
features that will affect the acceptability or desirability of the product.  Not all of the features are 
important for every product and clearly some features dominate others in terms of importance.  
Product sound falls into two categories, both aesthetics and functionality.  For example a 
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vacuum cleaner can be pleasant or annoying to listen to but the sound will also give the user – at 
least subconsciously – an impression about its quality (Bodden, 1997).    
 
 
Fig 2.5 - A product’s attributes (adapted from Lyon, 2007) 
 
2.2.3!Sound!Quality!and!Product!Sound!Quality!!
Sound quality is the character of the sound that relates to human acceptance (Lyon, 2000).  For 
decades acoustical engineers have been working to improve sound quality, however the field of 
sound quality and psychoacoustics has changed in that time.  Lyon (2000) notes that for the past 
fifty years, the role of an acoustical engineer was mainly to reduce the sound pressure level 
emitted from the structure.  The rational that quieter is better, is thought to have come from the 
fact that large machines emitted sound levels, which were harmful to the user’s hearing (Blauert 
& Jekosch, 1997). 
During the mid eighties, the role of acoustical engineers began to change.  Initially they had a 
one dimensional task of reducing the sound energy being emitted (Blauert, 1986), however, now 
acoustical engineers look at the problem of sound quality as a more multidimensional problem, 
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not only working to reduce overall levels but also how characteristics such as the frequency and 
time structure affect human perception of the sound.   
 
 
Fig 2.6 – Multidimensional aspect of sound quality (Genuit, 1998) 
Genuit (1998) proposed a model (Fig 2.6) that outlines the multidimensional challenge that faces 
a sound engineer.  The physical aspect of the sound refers to the characteristics that can be 
measured; these include sound pressure level, power, intensity, duration etc. A-weighted sound 
pressure level is important for determining the risk of hearing damage but two sounds under the 
safety threshold (85 dB(A) for stationary sounds (NIOSH, 1998)) can be perceived very 
differently (Genuit, 2003).  Psychoacoustics is the term given to the relationship between the 
physical parameters of acoustic waves and the perception of auditory events (Bodden, 1997).  
The role of psychoacoustic metrics is to describe sound perception in terms of several 
parameters, such as sharpness, roughness and loudness as well as others.  The usefulness and 
implications of such parameters will be discussed later.   
The cognitive aspect of sound quality evaluation is concerned with identifying why the same 
sound can be perceived to be different in terms of quality or annoyance due to differences in 
personal preference and contextual effects.  Context dependency also relates to the design 
aspect.  For example, the sound created by the rotating blades of a fan is tolerated by the user 
because it is expected.  However if an appliance such as a television made a similar sound it may 
not be deemed to be acceptable.  Lyon (2006) states that characteristic sounds are likely to be 
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accepted by the user if their physical quantities fall within the expected levels, however 
uncharacteristic sounds will normally be unsatisfactory.  He goes onto state that “it is not the 
loudness of uncharacteristic sounds that is the problem; it is their presence that is the problem” 
(Lyon, 2000).  Even if the uncharacteristic sound does not imply any danger or product failure, 
the detectability of the sound is still an issue if it is not expected by the user. 
Namba (1994) discusses the importance of source identification in the cognitive aspect of sound 
quality: “The identification of a noise source is a cognitive aspect of noise quality. If a sound 
source is acceptable to a listener, the sound from the source is not considered noise. Therefore, 
the identification of the sound source is a key factor in noise problems”. 
Important differences have also been between product sound character and product sound 
quality (Blauert & Jekosch, 1997; Vastfjall & Kleiner, 2002).  Product sound character relates to 
the physical properties of the sound and how they contribute to the perception of sound.  
Product sound character can be specified using acoustic and psychoacoustic metrics, but the 
important aspect is that it is independent of contextual effects (Nykanen, 2008).  Product sound 
quality has been defined as “a descriptor of the adequacy of the sound attached to the product. It 
results from judgements upon the totality of auditory characteristics of the said sound – the 
judgements being performed with reference to the set of those desired features of the product 
which are apparent to the users in their actual cognitive and emotional situation” (Blauert and 
Jekosch, 1997). 
It is important to understand the differences particularly during listening tests.  If the product 
sound character is to be analysed, perhaps to validate the accuracy of psychoacoustic metrics, the 
experimental protocol needs to be designed to reduce any contextual influences (Fastl, 2006). 
(
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2.3(Design(for(Sound(Quality(in(the(Product(Life(Cycle(
As previously discussed, early sound engineering of products was mainly concerned with 
reducing sound pressure levels.  However, as researchers began to realise that sound can play a 
positive role in the consumer experience, manufacturers started to focus more attention on 
enhancing sound quality rather than just reducing the sound levels. 
A comparison of the activities in traditional noise control techniques and the steps taken when 
designing for sound quality is shown in Table 2.1 (Lyon, 2000).  The methods for noise control 
are well documented and the designer does not need a particularly high level of understanding of 
sound design to implement them.  Controlling noise is often a post production operation and 
often takes the form of isolation chambers or silencers.  Such devices will increase the cost of the 
product while also possibly restricting access to the product, hence reducing functionality and 
maintainability.  Integrating sound design in the design stages of the product requires an engineer 
with a good understanding of sound design, something that not all companies have. 
Table 2.1 - Comparison: Noise Control and Design for Sound Quality (Lyon, 2000) 
NOISE CONTROL DESIGN FOR SOUND QUALITY 
Technology is in place Principles are understood 
Implemented by handbook Practitioners are scarce 
Add-on after product design Integrated in design cycle 
Independent design Highly interactive 
Costing is straightforward No separate costing 
May reduce reliability, safety etc. May enhance function 
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A review of the methods for product sound design was undertaken by Nykanen (2008).  The 
report highlighted, among other things, a method for integrating sound design into the industrial 
design process based on a 6 stage model of the industrial design process developed by Ulrich and 
Eppinger (2008). 
 
Fig 2.7 - The industrial design process according to Ulrich & Eppinger (2008) 
The method described by Nykanen (2008) suggests that the product sound should be considered 
in all six of the design stages.  However, this model is not ideally suited to sound design as the 
consumers’ views and preferences are only considered in the first stage of the process, after 
which the consumer is not involved until the final product is produced.  Pederson & Fogg (1998) 
had a similar view and developed an iterative process where product or prototype is evaluated 
using jury evaluation and psychoacoustic metrics until a desirable sound is produced. 
A model, called “the product sound wheel” was proposed in 1998 by Pederson & Fogg.  This 
model seems satisfactory when the engineer is investigating ways in which an existing product 
can be improved acoustically, however this method cannot be smoothly integrated into the 
industrial design process (Nykänen, 2008). 
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Fig 2.8 - The product sound Wheel. (Adapted from Pederson, & Fog, 1998) 
The design model suggested by Pederson & Fog (1998) does not fully incorporate sound design 
into the design process from the beginning; rather it envisages a product or prototype being 
redesigned with sound quality in mind, which is still largely how it is done.  The product sound 
wheel, illustrated in Fig 2.8, can be broken down into two sections, each of which comprises of 
two parts.  
Firstly the perception of the sound to the user has to be measured; the two options are the use 
of psychoacoustic metrics (objective) and / or presentation of the sounds to a jury for evaluation 
(subjective).  Objective methods such as loudness and sharpness models are covered in the 
following section however there are many different methods for subjective testing that need to 
be addressed.  The second half of the product sound wheel is concerned with the design process, 
which is again split into two distinct sections.  In order for the engineer to design a product that 
sounds preferable, they must understand the principles of how sound is generated and radiated 
from products and the methods by which it can be controlled.  In addition, the acoustic engineer 
must have some idea what a ‘preferable sound’ is.  For this, simulated or synthesised sounds are 
fed back into the measurement stage until an optimal sound is established.  
In the previous section it was mentioned that sound quality metrics can be used to calculate 
psychoacoustic characteristics of a sound, such as loudness, sharpness, roughness etc.  However 
it is important to understand how the metrics calculate the values as they may not be appropriate 
for short impulsive sounds such as those generated during a tennis impact. 
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2.3.1!Objective!Analysis!of!Sounds!!
2.3.1.1!Signal!processing!
Signal processing is the science of applying transformations to measurements to facilitate their 
use by an observer (Hammond, 1998).  While signal processing and especially digital signal 
processing (DSP) can reveal great information to the user, the processes must be fully 
understood in terms of their limitations.  Fig 2.9 illustrates the categorisation of time signals 
based on their time histories, although this is a simplistic model it is useful to know the type of 
signal so that appropriate signal processing techniques can be implemented (Bendat & Piersol, 
1971). 
 
Fig 2.9 - Types of signals (adapted from Bendat & Piersol, 1971) 
A common processing technique is to transform the signal from the time domain into the 
frequency domain.  It is often useful to understand the frequency content of the signal for a 
number of reasons such as to attribute the signal to known mechanical vibrations or to predict 
the perceived loudness of the sound.  If a sound repeats itself exactly every x seconds then the 
signal can be represented as a sum of sinusoids using the Fourier Transform.  However, as the 
time (x) of the sound decreases then the frequency resolution decreases, as the frequencies of the 
sinusoids are multiples of 1/x.  This is likely to a factor for tennis impacts as Davies (2005) used 
a duration of 0.08 seconds to record the sound of an impact, which resulted in a frequency 
resolution of 12.5 Hz.  Although the duration could be increased, this would mean that a greater 
proportion of the signal would be background noise.   
Spectrograms have been used by many authors (Dufaux, 2001; Bezat, 2007; Nickerson et al, 
2007) to illustrate how the frequency content of a signal changes with respect to time.  This is 
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often appropriate for transient sounds such as the sound of a human speaking; Fig 2.10b shows 
the spectrogram of a person saying, “Could you please write the word”.  Although it is not possible to 
identify the words in the sentence it is possible to distinguish between different words.  The 
author plotted a secondary spectrogram with a longer window (Fig 2.10c) it is evident that the 
effect of lengthening the window increases the frequency resolution but decreases the time 
resolution.  A compromise is needed to obtain the best results (Kim et al, 2007). 
 
Fig 2.10 – A) waveform of the phrase “Could you please write the word”, B) shows a spectrogram with a large 
sliding window while C) shows a spectrogram of the waveform using a smaller sliding window that increases the 
temporal resolution but reduces the frequency resolution compared to B). (Darwin, 2010). 
Past investigators have measured the decay time of impulsive signals to characterise differences 
(Roberts et al, 2005b; Davies, 2005).  Roberts characterised the decay of a golf impact sound by 
fitting an exponential decay curve to the signal, the equation of the decay curve was used to 
quantify the decay of a particular shot.  Davies also used similar approach but in conjunction 
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with more straightforward metric that measured the duration between the maximum amplitude 
and the time when the amplitude had reduced by 25 dB. 
Davies (2005) also used other metrics in his PhD thesis to characterise tennis impacts.  These 
were; peak level (dB(A)), SPL (dB(A)) over varying durations and frequency centroid.  The SPL 
(dB(A)) metric calculates the RMS of the signal and so the value can changes significantly 
depending on the duration of the signal.  Davies applied the metric over the first 10 ms as the 
majority of the impact noise was contained within this time period and the metric was also 
applied over 80 ms of data.  80 ms was chosen because the author was concerned that beyond 
that time the sound would be mainly the sound reflecting from the walls and ceiling as the 
testing was conducted indoors.   
2.3.1.2!Psychoacoustics!
Sound quality metrics are a series of functions that attempt to emulate how the human ear 
processes physical sound waves and how the listener would perceive the sound due to the 
frequency content, duration, fluctuation and bandwidth.  The aim of the metrics is to predict 
how loud or sharp a sound would be perceived, without the need for time-consuming jury 
testing and other subjective experimental protocols.  The underlying science behind 
psychoacoustics attempts to link the physical characteristics of the sound to the level of 
perceived loudness, sharpness or roughness.  Some loudness models (Zwicker, 1991; Moore, 
1997; Glasberg & Moore; 2002; Zwicker & Fastl, 1999) attempt this with models that cover the 
complete physical system from the outer ear, where as another model (Boullet, 2006) estimates 
the loudness based on how the physical parameters affect the perception of loudness during 
subjective jury testing.    
Steady!State!Loudness!Models!
Zwicker (1958) was one of the first to propose a loudness model and his model along with later 
revisions has been used in many practical examples; Zwicker’s model was also the first to be 
standardised in 1975 (ISO 532B).  Moore (1996) used a similar approach to Zwicker’s model 
with a few alterations, and is the basis for the American Standard for calculating loudness (ANSI 
S3.4-2007).   All models developed by (Zwicker, 1958; Zwicker & Fastl, 1999; Glasberg & 
Moore, 2002) follow the same basic structure shown in Fig 2.11. 
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Fig 2.11 - Basic structure of the models used for the calculation of loudness (Moore, 2003) 
The first stage is a filter designed to simulate the effect of the outer and middle ear on the sound 
as it travels through the ear.  Zwicker (1958) assumes that below 1000 Hz the transmission of 
sound through the outer and middle ear is uniform.  Above 1000 Hz, the filter is similar to the 
absolute threshold curve, but inverted.  The second stage involves a transformation that creates 
an excitation pattern to closely resemble how the sound is represented in the auditory system.  
The model developed by Moore et al (1996) calculates the excitation pattern based on formulae 
that change depending on frequency and level where as Zwicker’s model (1958) calculates 
excitation patterns based on tables and finite numbers of each critical bandwidth due to the 
limited use of computers in the 1960s.   
The specific loudness is calculated from the excitation level, it represents the loudness per critical 
band for Zwicker’s and Moore’s model respectively.  Once the specific loudness or loudness per 
critical frequency band is known, the overall loudness is calculated from the area under the 
specific loudness pattern (Moore & Glasberg, 1996). 
Although these models are successful, according to the authors, in terms of being able to 
calculate the perceived loudness of steady state simple sounds they are only as accurate as the 
equations governing the filters and transformations.  And since the perception of loudness is still 
not fully understood, these models will provide only an approximation of perceived loudness, 
the only way to know the real loudness of a sound is to use psychoacoustic tests involving a jury. 
These loudness models were all primarily designed for analysing stationary sounds or sounds of 
long duration.  However since these first loudness models were first proposed, they have been 
revised for implementation with time-varying sounds (those which have frequency and temporal 
characteristics that evolve with time). 
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Time<Varying!Models!
The loudness and sharpness models presented so far have been designed for steady state sounds.  
Both Zwicker (1977) and Glasberg & Moore (2002) adapted their continuous loudness models 
for use with time-varying sounds to account for the temporal dependence of loudness (Fastl, 
1997).  Galsberg and Moore (1996) calculated the instantaneous loudness of 2 ms sections of the 
signal by performing FFTs to obtain the level in six different frequency bands, the instantaneous 
loudness is then calculated by a similar method used in the stationary model (Moore et al, 1996).  
Although the instantaneous loudness value is not predicted to be perceived, it is used to calculate 
the short term loudness value (STLmax), which takes into account factors such as temporal 
integration and temporal masking.     
Impulsive!Sound!Quality!Models!
Although the time varying models do take temporal differences into account, they have not been 
validated for impulsive sounds of short duration with very short attack times that decay back to 
zero at different rates.   
A large amount of research on the loudness of impulsive sounds has been undertaken by Isabella 
Boullet and her colleagues.  Her doctoral thesis (Boullet, 2006), reviews current models for 
calculating loudness and identifies their limitations when estimating the total loudness of time 
variant and impulsive sounds.  The main objective of her PhD was to “investigate the loudness 
of impulsive sounds in order to propose an estimator of it to avoid running psychoacoustic tests, 
which are long and expensive”.  The proposed model is shown Fig 2.12. 
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Fig 2.12 - Diagram for the calculation of loudness using the LMIS Loudness model (Boullet, 2005) 
To begin with the acoustic signal is filtered to obtain a temporal signal in each critical band. The 
next step consists of calculating the energy and the decay time for each critical band. Main 
loudness is the product of energy and duration of the impulse decay.  The effect of simultaneous 
masking is taken into account as in Zwicker and Fastl’s model (1999).  Specific loudness 
obtained this way is then summed over the 24 critical bands to obtain the overall loudness of the 
impulsive sound.  This new psychoacoustic metric is available as a MATLAB toolbox 
(www.genesis-acoustics.com) and was implemented in this research study along with other more 
standardised loudness metrics. 
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Fig 2.13 – Decay of pure tone with a frequency 500 Hz decaying exponentially. 
 
Table 2.2 – Calculated loudness values using different models for the sound in Fig 2.13. 
 Loudness 
(Sone) 
Loudness Level 
(Phon) 
Stationary Sounds (Moore & 
Glasberg, 1997) 39.21 91.99 
Time Varying Sounds 
(Glasberg & Moore, 2003) 96.44 103.96 
LMIS (Boullet, 2005) 
48.65 96.05 
Fig 2.13 illustrates an example of an impulsive sound with a frequency of 500 Hz decaying 
exponentially; the peak pressure (8 Pa) is comparable to peak pressures measured by Davies 
(2005).  Table 2.2 shows the loudness values calculated for the sound illustrated in Fig 2.13.  As 
well as providing a comparison between different loudness metrics, Table 2.2 also suggests that 
the stationary metric underestimates the loudness while the time-varying model over estimates 
the loudness, that is assuming that the LMIS model provides the best estimation.   
Sharpness!Model!
For pure tones the sharpness is determined by the fundamental frequency.  However for more 
realistic everyday complex sounds the sharpness is characterised by the upper frequency and the 
way the energy is distributed across the spectrum.  Due to the higher frequencies having a larger 
impact on the sharpness (Fastl, 1997), they are boosted by a weighting function.  Interestingly, 
this means that adding low frequency tones to a complex sound could increase its loudness but 
also reduce its sharpness.  
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Fig 2.14 – Sharpness of a 60 phon critical-band wide noise as a function of centre frequency (Zwicker & Fastl, 
1999) 
Fig 2.14 shows the sharpness of a critical-band wide noise as a function of its centre frequency, it 
is evident that the sharpness of a sound increases at a greater rate as the frequency increases 
above 5 kHz.  A model that estimated the sharpness of a sound was developed by Bismark 
(1974), which was later modified by Aures (1985) as the original model was suggested to be too 
level dependent.  Aures’ sharpness model is defined by Eq. 6.1. 
! = 0.11 !′ ! !′(!)ln! !+2020240 !".                               [Eq. 2.1] 
As with the original loudness model, Aures’ sharpness model was intended for implementation 
on continuous sounds, however, Van Auken et al (1998) found that the calculated sharpness 
values correlated well with subjective ratings of transient automotive noise. 
Psychoacoustics!summary!
There has been a large amount of research surrounding human perception of steady state sounds 
containing pure tones.  However the perceptions of complex transient sounds, such as tennis 
impacts, are less well understood.  Zwicker’s Loudness and Sharpness models, as well as other 
time varying models, can be implemented for recorded impacts to acquire levels for sharpness, 
loudness, roughness etc.  Psychoacoustic metrics could prove useful in analysing transient 
sounds.  Even so these tools analyse and calculate values based on the total sound reaching the 
ears and do not take into account the ability of humans to separate sounds from different 
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sources (Bregman, 1990) or contextual effects (Blauert & Jekosch, 1997; Marks & Arieh, 2006).   
Player testing will be needed to investigate the correlation between these metrics and players’ 
perceptions of pleasant and annoying sounding tennis rackets.     
2.3.2!Subjective!analysis!of!sounds!
The different psychoacoustic models can be used to determine a value for the loudness level of a 
sound but, fundamentally, they can only estimate the loudness, especially for impulsive sounds, 
as Boullet’s (2005) model is relatively new and so the reliability or accuracy cannot be verified.  
Also, the perception of sound quality is dependent on context and individual preferences, not 
just physical levels.  Skovenborg and Nielson (2004) argue that while loudness is a major 
contributor to annoyance it is not the only contributor.  A Danish standard (Miljøstyrelsen, 1984) 
reports that measured sound pressure levels of signals with impulsive qualities must be increased 
by 5 dB(A) to be comparable with continuous noise, in terms of annoyance.  Therefore while 
sound quality metrics can save time and money (Boullet, 2005), they need to be used in 
conjunction with subjective jury testing in order to validate the results initially, at least.   
The majority of psychoacoustic tests are based on absolute and relative methods described by 
Green and Swets (1974).  Absolute test methods involve the subject listening to a stimulus and 
quantifying the magnitude of a characteristic, such as loudness or pleasantness (Meunier, 2001).  
The most common relative method is the paired comparison procedure (Kendall & Babington 
Smith, 1940), where the subject is presented with two signals and has to select which sound is 
brightest, loudest, sharpest etc.  This technique has been used by researchers (Roberts et al, 2001; 
Barrass et al, 2006) to elicit perceptions of sports equipment.  Hocknell et al (2006) asked golfers 
to rank golf impacts from hard to soft and the perceived pitch from high to low, this technique 
may be more efficient than the paired comparison method but the results may provide a false 
indication of the how the feel of a certain club compares with all others as the subject can forget 
the feel of a club used earlier in the test if the sample is large (Roberts, 2002). 
There are a number of different scales that researchers have used to elicit the perception of ‘feel’ 
characteristics.  Baseball players rated the pain caused by an impact using a category scale 
‘severe’, ‘moderate’, ‘slight’ and ‘none’ (Noble & Walker, 1994) while tennis player noted there 
discomfort on an analogue scale which was labelled ‘comfortable on impact’ at one extreme and 
‘uncomfortable on impact’ at the other (Stroede et al, 1999). The problem with scaled responses 
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is that the results are often inconsistent and inaccurate if the subjects are not experienced with 
using them (Roberts et al, 2005a).   
Table 2.3 – Comparison of psychoacoustic methods 
 Strengths Weaknesses 
Paired Comparison Easy for subject to understand.  
Ability to check reliability of 
subject’s answers.  
Time consuming, only 
suitable for small samples 
Ranking test Efficient process for large 
samples 
The subject is unlikely to 
remember all previous 
samples when ranking.  
Distance between samples 
is not known  
Category scale Easy for subjects to understand Subjects can choose similar 
results for all samples.  Not 
suitable for small 
differences in the stimuli 
Magnitude 
estimation scale 
Absolut values, can be compared 
to measured values of sound 
Difficult for subject, prior 
training is often required 
Semantic differential Ability to analyse relationships 
between dimensions 
Complex and time 
consuming 
Individual test Ranking is used to differentiate 
between large differences and 
paired comparison is used when 
needed to differentiate between 
finer differences. 
Limited ability to check 
reliability of subject 
responses 
 
A model presented by Bodden and Heinrichs (1998) called the ‘individual test’ allows the subject 
to listen to the sounds in any order and as often as they like.  By doing this, the subject arranges 
the sounds on a scale going between two extremes, such as loudness/quietness or 
sharpest/dullest.  This method can reduce the time as the subject may only need to use the 
paired comparison method to distinguish between the similar sounds.  The strengths and 
weaknesses of a variety of psychoacoustic tests are tabulated in table 2.3.   
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2.3.3!Analysis!of!physical!acoustics!and!acoustical!design!changes!
Acoustic measurements and presentation of sounds to a jury are methods for evaluating the 
suitability of the sounds.  However, finding a suitable sound for a product is not of any use to 
the manufacturer if they cannot apply design changes to the product that will have the desired 
effect on the radiated sound.      
2.3.3.1!Propagation!of!sound:!from!source!to!sound!
Understanding how a vibration propagates through a structure enables an acoustic engineer to 
identify locations where the emitted sound can be reduced or modified.  In any system there are 
always three factors that contribute to the radiation of sound (Lyon, 2000);  
• The generators  
• The transmission paths 
• The radiating surfaces 
A generator is any moving part in a system that excites the structure; examples of different forms 
of generators include electromagnets, combustion, gears, bearings etc.  The transmission path is 
the route by which the vibrations from the source propagate through the structure of the system, 
either through air passages or mechanical connections.  The radiating surfaces are those which 
vibrate and are able to transfer the vibrations into acoustic energy. 
The techniques used for altering the resultant sound at the source (generator), transmission path 
or radiating surfaces are very different.  Lyon (2000) describes how the sound can be modified in 
each of these steps and the implications involved.  Perhaps the easiest way to control the sound 
is to control the source, however the vibration at the source is often slight in comparison and 
altering its properties could affect the functionality of the product.   
The structure(s) that make up the transfer path do not usually have the necessary structural 
properties to radiate sound efficiently.  However they do directly contribute to the sound of the 
product by exciting surfaces that are efficient at emitting sound, such as the panel of a car door.  
Possible methods of reducing vibrations include impedance mismatching, isolators, loading 
masses or damping (Lyon, 2000).   
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When the vibrational energy reaches the external surfaces where it can be radiated as sound, 
there are different techniques in which the sound can be modified.  The sound radiated is a 
product of the vibration amplitude (measured in ms-1) and the coupling between the surface and 
the surrounding air (measured by the radiation efficiency).  The vibrational amplitude of the 
surface can be controlled by methods discussed previously or further damping of the surface.  As 
for the radiation efficiency, decoupling the radiating surface from the air by perforating the 
surface can reduce this. 
Richards (1979a, 1979b) published two papers in which he discussed the methods of predicting 
the acceleration noise and the ringing noise caused by impacts.    He suggests that an impact 
causes an impulsive sound with a broad frequency range that is dependent on the stiffness and 
mass of the objects involved in the collision.  The impulsive sound is followed by a ringing 
component; typically this part of the sound is radiated from parts of structure vibrating at 
resonant frequencies excited by the impact.  The amplitude of the ringing sound depends on the 
radiating efficiency of the vibrating structure while the damping properties of the structure will 
affect the duration of the sound.  Matsuhsia et al (2010) suggested that the sound radiated from a 
golf shot comprises of these two components but also another component created from the club 
head and shaft encountering air resistance.    
For many complicated or non linear structures, it is often hard to determine the cause of the 
vibration or noise.  A technique used substantially by NVH (noise, vibration and harshness) 
divisions of car manufacturers is called transfer path analysis (TPA).  TPA is primarily a test 
based procedure that enables the technician to trace the flow of vibro-acoustic energy from 
source through a set of structure and air borne pathways to a receiver.  Identifying the cause of 
an ‘annoying’ sound can be hard enough but is possible by comparing a frequency spectrum of 
the sound to velocity measurements taken from various components.  The next stage of transfer 
path analysis is to investigate the origin or the source of the vibration.  The procedure is shown 
in Fig 2.15.      
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Fig 2.15 – Transfer path analysis (Genuit, K. 2010) 
Techniques used in the car manufacturing industry, where acoustical engineering is most 
prominent, can be transferred to other products. For example, transfer path analysis could be 
applied to tennis rackets.  Although a tennis racket has far fewer parts than a motor car this 
technique or parts of this technique could be used to determine how a sound is emitted from a 
tennis impact.  For example the ball would be the generator in the system that excites the 
stringbed, which does not have the surface area to radiate sound efficiently, but does excite the 
frame, which could radiate majority of the resultant sound. 
2.3.3.2!Modal!analysis!!
Most noise and vibration problems are caused by operational dynamic forces exciting one or 
more resonances of a structure (Dossing, 1988), when the forcing frequencies are the same as 
the structure’s natural frequencies it is likely that unwanted noise and vibration will occur 
(Rossing, 2007).  It is important to identify the mode shapes responsible for the frequency 
components in the radiated sound so that in turn the responsible parts of the system can be 
identified.  Experimental modal analysis techniques have been used extensively in conjunction 
with sound measurements in order to identify the components of a system that are the main 
contributors to unwanted sound (Gagnon, 1997; Burdisso, 2008; Corcoran et al, 2010; Erol, 
2000).   
Experimental modal analysis requires frequency response function (FRF) data to be collected 
from a structure, in this case a tennis racket.  The most common method is to excite the system 
with a known force and measure the response of the system.  The FRF is then calculated by 
dividing the spectrum of the response by the spectrum of the input force.  It is important to 
keep the complex part of the FRF as this relates to the phase of the signal.  The natural 
frequencies (Eigen values) of the system are determined by the stable peaks in the sum of FRFs 
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and the mode shapes (Eigen vectors) are determined by the amplitude and phase of the 
individual measurement points at the discrete natural frequencies.  The width of the peak 
indicates the damping of the corresponding mode.   
There are two options for exciting a structure and measuring the response, either have a fixed 
excitation location and moving response or fixed response and moving excitation.  In terms of 
the accuracy and resolution, both options are equal.  The decision depends on the excitation and 
response measurement methods.  For example, if an impact hammer is used to excite the 
structure and an accelerometer to measure the response, it is preferable to move the excitation 
location and keep the accelerometer in a constant position.  Similarly, if a shaker were used with 
a laser vibrometer, the response location would change, as the laser vibrometer is easier to move 
than the shaker, which needs to be securely attached to the structure. 
There are many methods to excite a structure, such as using impact hammers, electromagnetic 
shakers, electro hydraulic shakers, rotating masses, suspended cables and acoustic excitation to 
name a few (Brown & Peres, 2008).  One of the most important factors is the ability to measure 
the magnitude and direction of the force, for this reason acoustic excitation is not a viable option 
for most structures (Amraoui & Lieven, 2003). 
Using an impact hammer is an attractive option due to the simpler hardware required, the 
straightforward technique required to implement it and the fact that it doesn't affect the 
structures dynamic characteristics.  However, it is often more difficult to gain repeatable results 
(Ewins, 2000).  One of the issues of the impact hammer is that the frequency excited by an 
impacted is inversely proportional to the impact duration as shown in Fig 2.16.  The contact time 
is dependant upon the stiffness of the hammer tip and the stiffness of object that is impacted, 
therefore the impact time can be can be controlled by changing the material of the impact 
hammer tip.  
 
 
Fig 2.16: frequency of bandwidth and impact duration (B & k testing manual) 
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An electromagnetic shaker is another method of exciting a structure.  The shaker is generally 
attached via a ‘stinger’, which is a very thin and light metal rod that only carries axial loads and 
not moments or shear loads.  A potential drawback of shaker excitation is that the shaker is 
directly mounted to the racket and therefore it has the potential to modify the mass of the 
structure, although the stinger helps to reduce the attachment influence there will always be 
some constraining and mass modifications effect (Ewins, 2000).  The magnitude of this effect 
can be controlled by careful experimental control and will be investigated by comparing the 
natural frequencies calculated using an impact hammer and with a shaker to validate the results.  
A force transducer is typically mounted between the stinger and structure to measure the 
excitation force profile for the purpose of computing the Frequency Response Function (FRF). 
If a shaker is used it is usually controlled by a signal originating from a computer via a power 
amplifier.  As directed by He and Fu (2001), it is important that the excitation and response 
profiles are zero at the start and end of each measurement run.  This setup eliminates leakage, 
which occurs when a signal is comprised of a non-integer number of oscillations is transferred to 
the frequency domain.  The location at which the system is excited is also important, as if the 
stinger is attached to a position that is on a nodal line, then that particular node would not be 
excited.  
The two main methods of measuring the response of system is either with surface mounted 
transducers such as accelerometers or optical techniques such as a laser vibrometer that measures 
velocity via the Doppler shift principle (Stanbridge & Ewins, 1999).  Scanning Laser Doppler 
Vibrometers (SLDV) are often preferred for twos reasons.  Firstly, the measurement location of 
the SLDV can be repositioned using a computer mouse, where as an accelerometer is required to 
be manually removed and secured to a new location after every measurement (unless the 
structure is excited with an impact hammer, in which case a roving excitation would usually be 
adopted).  The second and more important reason is that a SLDV is completely non-invasive 
meaning that it does not alter the dynamic behaviour of the system.  
2.4(Discussion(and(Conclusion((
Sound engineering of consumer products has become more important as manufacturers realise 
the intangible effect sound can have on the overall perception of products.  Methods developed 
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for the car manufacturing industry are being adapted and applied to products ranging from 
electric shavers to turbojet engines.  Although many sounds are undesirable, researchers suggest 
that sound can also be a desirable attribute of the product, which can convey information to the 
user and in some cases reinforce brand identity.    
The sound emitted from sports equipment is no different; a review of the literature has linked 
the sound from a tennis racket to the player’s perception of the racket’s physical characteristics, 
such as stringbed stiffness.  Studies have also indicated that the auditory signals emitted during 
an impact have an effect on perceived comfort.  It has been suggested that if a player is not 
comfortable using their equipment, their performance level will decrease.  The majority of 
players are casual players whose performance may not be affected by their perception of the 
racket, but their perception of quality is likely to influence their purchasing decision. 
Although the sound emitted from products has been important for a number of centuries, the 
objective of sound engineers has changed from attempting to simply reduce the overall sound 
levels to increasing the sound quality of the product.  The latter objective may be achieved by 
attenuating the radiated sound but the engineer must also appreciate the effect of other physical 
sound characteristics as well as contextual effects and individual differences.  Due to the 
complex nature of designing for product sound quality where by the solution is never the same 
for two products, there is not a standard procedure that will always work for all products.  
Pederson and Fog (1998) suggested an iterative process that can be used as a basis for analysing 
the sound quality of a tennis racket where by the engineer would evaluate the sound quality of 
each prototype using subjective and objective means and then redesigning the product based on 
the results.  However, an important first stage is to understand how the product, in this case the 
tennis racket, radiates sound so that its acoustic signature can be intentionally modified. 
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Chapter!3!
INTRODUCING!THE!SOUND!OF!A!TENNIS!SHOT!
While there have been numerous studies investigating the acoustics of golf impacts (for example; 
Hocknell et al 1996, Roberts et al 2006, Shannon et al 2010) there has only been one study that 
has recorded the sound radiated from a tennis shot (Davies, 2005).  Although Davies presented 
the frequency content and typical amplitudes it cannot be assumed that the sound radiated from 
all racket systems will be the same.  In addition the sound was not analysed in terms of the how 
the frequency content evolves over the duration of the signal and neither was the sound spectra 
compared with vibration measurements of the frame.  Therefore it was deemed necessary to 
conduct a preliminary investigation that would provide an insight into the parameters of the 
sound resulting from an impact between a ball and a racket.  The aim of this chapter was to 
define the parameters of a tennis shot such as frequency range, duration and maximum 
amplitude of the acoustic signal and relate these to the mechanical frame vibrations created from 
a typical tennis shot so that future experiments could be designed accordingly.   
This chapter describes the development of a methodology to record racket vibrations and the 
sound radiated during a tennis shot as well as data analysis methods using a number of signal 
processing techniques to identify important features.  A further aim of this chapter was to 
determine if the radiated sound could be directly attributed to frame and string vibrations, a key 
stage in understanding the racket as a sound source. 
3.1(Measurement(of(sound(and(vibration(from(a(tennis(impact(
In order to record realistic sounds, experienced tennis players were used to perform a typical 
shot.  This introduced an element of variability, as even the best players are not able to 
reproduce the same impact conditions for every shot.  It was, however, deemed more important 
that the sounds were representative of actual impacts than would be possible with more 
repeatable methods such as using a ball cannon to project tennis balls against a clamped or 
handheld racket. 
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Richards (1979a) suggested that a sound radiated from an impact between two bodies could be 
divided into two components; an impulsive sound with a short attack and decay time and a 
ringing component that follows the impulsive component and is much longer in duration.  
According to the author, the impulsive sound is typically of broad frequency range that is 
dependent on the stiffness and mass of the objects involved in the collision, whereas the ringing 
component is radiated from parts of structure resonating at natural frequencies excited by the 
impact. 
It was therefore decided that in order to gain a further understanding of the racket as a sound 
source, the vibrations excited in the racket would also be measured along with the acoustic 
response.  This was done so that the mechanical vibrations could be analysed and compared with 
the sound signals to potentially identify the components of the racket responsible for the 
radiated sound.   
The vibrations in the racket needed to be recorded by a method that would not affect the 
dynamic properties of the racket; lightweight charge accelerometers were chosen due to their 
relative low mass (0.6 g).  Dossing (1988) investigated the effect of adding mass on the dynamic 
properties of the structure and developed an equation (Eq. 3.1) to calculate the maximum 
amount of mass, m, that can be added before having a significant effect on the modal behaviour 
of the original structure of mass mA.  
 
 !!!!!! < 1.03                                                       [Eq. 3.1] 
 
Using an accelerometer with a mass of 0.0006 kg on a racket frame of mass 0.230 kg results in a 
mass ratio (according to Eq. 3.1) of 1.003. Therefore, a maximum of 10 accelerometers could be 
attached to racket without significantly affecting the modal properties of the frame, according to 
Dossing (1988).   
 
50 
 
As discussed in the Chapter 1 [Section 1.2], previous researchers have found that natural 
frequencies of the racket system are associated with distinct frame or stringbed modes.  The 
mass of a stringbed depends on many factors such as density, diameter, stiffness, mass, size of 
racket, stringbed density and the pull tension. Typically the mass of a stringbed is between 0.01 
and 0.02 kg.  The same accelerometers could not be securely attached directly to the stringbed, 
therefore a method was investigated where an accelerometer was bonded (using superglue) to a 
0.4 g plate of aluminium (0.002 by 0.0005 m), which could then be woven in-between the strings.  
This provided a measurement of the stringbed vibrations but, according to Eq. 3.1, the 
combined mass of the accelerometer and mounting plate was great enough (1.05 < !!!!!! <1.10)!to significantly alter the dynamic properties of the stringbed.  Non-contact measurement 
techniques such as laser vibrometry were not suitable as a vibrometer is not capable of 
measuring vibrations from objects moving in unpredictable patterns.  Therefore the vibrations of 
the stringbed were not directly measured during this set of measurements.   
The locations of the accelerometers were important because if one was positioned on a nodal 
line of a mode of vibration then that mode would not be detected even if the mode was excited.  
Typically a full modal analysis of the racket would be used to identify suitable measuring 
locations based on the mode shapes of the racket so that all relevant modes would be detected.  
At this stage, however, a modal analysis of the racket had yet to be completed so the positions of 
the accelerometers were chosen by an iterative process, which involved exciting the racket with 
an impact hammer and measuring the response at various locations on the racket using the 
accelerometers.  The accelerometers were then positioned at locations that were found to exhibit 
the most number of natural frequencies in the in-plane and out-of-plane orientations.  Two 
accelerometers were placed on the racket frame as illustrated in Fig 3.1; accelerometer a) was 
positioned to measure out-of-plane vibrations while accelerometer b) was positioned to measure 
in-plane vibrations.   
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Fig 3.1- Global axes and accelerometer positions, measuring (a) out-of-plane and (b) in-plane vibrations 
 
The sound was recorded with a B&K sound level meter (type 2238) calibrated using a B&K 
sound calibrator (type 4231).  The sound level meter was placed one metre away from the impact 
as illustrated in Fig. 3.2.  An LMS data acquisition system was used to record the sound and 
vibration signals.  Although Brody et al (2002) suggested that the maximum frequency excited in 
a tennis racket does not exceed 200 Hz due to the contact time between the ball and the 
stringbed being 5 ms, other researchers (Stroede et al, 1999) have measured vibrations up to 1000 
Hz in the racket frame during a typical impact.  The purpose of the testing was to determine 
parameters such as a relevant upper frequency limit and so a high sampling frequency of 25600 
Hz was used to record the data from the transducers. This gave a useable frequency range of 
10240 Hz (80 % of the Nyquist frequency due to the roll off of the Butterworth low pass filter).     
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Fig 3. 2 – Position of the microphone in relation to the impact location and shot direction 
A HEAD AirFlow 7 (AF7) strung with HEAD Sonic Pro strings using a pull tension of 267 N 
(60 lbs) was used for the testing.  The HEAD AF7 is one of the lightest rackets commercially 
available (231.7 g) with an oversize head (740 sq.cm) that is designed for novices. One male 
university tennis team player (age 21 years) was recruited for the investigation; he was instructed 
to hit 20 flat forehand shots at a target 20 metres from the impact position.  The testing area was 
situated on a large playing field to ensure sound reflections were minimised and the testing was 
conducted at a time when there was no other activity on the field.  This provided low 
background sound pressure level of 50 dB, with the majority of the background noise at 
frequencies below 50 Hz.  The mean resultant velocity (+/- 1 SD) of the ball following the 
tennis shots was measured to be 33.4 ms-1 +/- 2.63 ms-1 using a JUGS radar gun.  These 
velocities were somewhat slower than those found in professional men’s tennis but comparable 
to most club player’s forehand shots (Lees, 2003).  
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3.2(Results(
 
Fig 3. 3 – Typical racket vibrations measured from the (a) in-plane and (b) out-of-plane accelerometers and (c) 
sound pressures recorded from a forehand drive 
Fig. 3.3 illustrates the data acquired from a single forehand shot in the time domain.  Although 
the duration of a tennis impact is typically 5 ms, it is clear that this impulse excites vibrations that 
continue to oscillate in the racket 200 ms after the ball has left the stringbed. The time signals 
were converted to the frequency domain using a Fast Fourier Transform (FFT) implemented by 
a MATLAB script to investigate the relationship between the measured vibrations and the 
recorded sound. 
a) 
b) 
c) 
a) 
b) 
c) 
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Fig 3.4 – Mean frequency content of 20 forehand shots from in-plane accelerometer, out-of-plane accelerometer and 
microphone over the entire frequency range (10240 Hz) 
Fig 3.4 shows the mean spectra from all 20 shots calculated from the time data over the entire 
capture period (0.5 s).  It is evident that both the accelerometer and microphone signals are 
dominated by frequency content below 3 kHz and any content above circa 4 kHz is at least an 
order of magnitude less.  As a result of this analysis it was decided to concentrate on behaviour 
at frequencies below 3 kHz, as shown in Fig 3.5. 
 
Fig 3.5 – Mean frequency content of 20 forehand shots from in-plane accelerometer, out-of-plane accelerometer and 
microphone up to 3000 Hz 
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Fig 3.5 illustrates the correlation between the measurements taken by the accelerometers and the 
microphone.  Dominant frequency components in the vibration spectra in the range from 160 
Hz up to 3000 Hz are clearly present in the acoustic spectrum, indicating that a certain amount 
of the sound resulting from a tennis shot is due to radiation from the racket.  Interestingly there 
are frequency components that feature quite prominently in the sound spectrum but are not seen 
in the vibration of the racket such as the broad peak at circa 300 Hz. 
The spectra presented so far have been calculated from 0.5 seconds of data, to ensure that all 
signals have decayed to pre-impact levels.  According to Richards (1979), this is likely to include 
acceleration noise that has a very short attack and decay time and a ringing component that 
decays at a much slower rate.  To investigate the different frequency components of the sound as 
it evolves with time, the signal was divided into to two parts as shown in Fig 3.6.  As the cropped 
sections of data were to be converted to the frequency domain by FFT, a Hanning window was 
applied in the time domain to force the signal to start and end at zero to avoid spectral leakage.  
 
Fig 3.6 –a) Original sound pressure signal decomposed into b) start and c) end components after applying a 
Hanning window  
 
b) 
a) 
c) 
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The microphone signal was split into two sections 0.1 to 0.12 s and 0.12 to 0.2 seconds (Fig 3.6), 
where 0.1 s represents the time that the recording was triggered by the out-of-plane 
accelerometer.  The initial signal has a peak sound pressure of 4.86 Pa while the second signal 
has a peak of 0.14 Pa.  Although there is an order of magnitude difference in peak and RMS level 
of the two signals, the second signal may still have a significant effect on the perceived sound, as 
its duration is considerably longer than the first signal (Bisping, 1966).  
 
Fig 3. 7 – Mean power spectra of (a) the accelerometer data compared with (b) the decomposed sound signal  
Fig 3.7b depicts the frequency content of the entire sound signal and the two components of the 
sound signal.  It is evident that the initial sound (0.1-0.12 s) mimics the general shape of the total 
sound spectrum but without the localised peaks.  In contrast the spectrum of the latter section of 
the sound has a much lower base level but has more prominent peaks that correspond with the 
small peaks seen in the total sound spectrum. Fig 3.7a shows the corresponding spectra from the 
frame-mounted accelerometers.  A comparison of the spectra reveals a correlation between the 
a) 
b) 
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peaks in the racket vibration data and the acoustic data particularly during the later stages of the 
sound measurement.  This evidence suggests that sound created from a tennis shot is at least 
partially due to the vibrations excited in the racket frame.   
Fig 3.7a also compares the measurements from the accelerometers. Although each spectrum has 
unique peaks, there are also a number of peaks that are shared by both the in-plane and out-of-
plane acceleration spectra.  This suggests that the racket frame is vibrating at natural frequencies 
that have both in-plane and out-of-plane components of motion. 
Another method of analysing the time varying spectral content of the signals is to calculate 
short-time Fourier transforms (STFT).  The STFT is obtained by calculating the Fast Fourier 
Transform of a section of the original signal multiplied by a predefined window translated along 
time to avoid spectral leakage, the resulting data can be illustrated using figures known as 
spectrograms or waterfalls (Fig. 3.8).  As with conventional FFT analysis, the frequency 
resolution is dependant upon the length of the data, therefore, increasing the data length of each 
window results in greater resolution in the frequency domain but reduces the resolution in the 
time domain, so there is a trade-off between time and frequency resolution.  The spectrograms 
(Fig. 3.8) were created using a window of 512 data points (0.02 seconds) with an overlap of 500 
data points.   
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Fig 3.8 – Mean spectrograms calculated from the a) out-of-plane accelerometer b) in-plane accelerometer and c) 
microphone data 
Fig 3.8 a) and b) represent the time varying spectral content of the time varying accelerometer 
signals, as a function of time.  Vibration magnitude is represented by a logarithmic colour scale 
to enhance the visibility of a wider range of amplitudes present in the spectrogram.  Fig 3.8 c) 
illustrates the data from the microphone in a similar format but the amplitude of the signal is 
shown in decibels (dB).   
Similar to Fig. 3.7, the spectrograms in Fig. 3.8 illustrate that the sound and vibration are 
comprised of high intensity broadband impulsive content that decays quickly.  This impulsive 
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c) 
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sound is followed by a number of components at distinct frequencies that prevail over a longer 
period; these two components will be termed the impulsive and ringing components respectively.  
3.3(Discussion(
Although a relationship has been established between the frame vibrations and the radiated 
sound, it is not possible to say for certain which components of the racket system are 
responsible for generating the sound.  To further our knowledge of the racket as a sound source, 
modal data is required to ascertain the mode shapes associated with each of the frequency 
components shown to be excited in a tennis shot.  This data will enable the parts of the racket 
system responsible for radiating each component to be identified.  Using data presented in this 
chapter to define the parameters, experimental modal analysis (EMA) will be used to determine 
the modal properties (natural frequencies, mode shapes and damping coefficients) of a number 
of racket configurations.   
An accelerometer was not attached to the strings as it was decided that its mass would influence 
the dynamic behaviour of the stringbed. As a result, no information was obtained to give an 
indication of the frequencies excited in the stringbed from a ball impact.  However, experimental 
modal analysis will be able to examine the dynamic behaviour of the racket stringbed as non-
contact techniques can be employed. 
To the author’s knowledge, this is also the first time that in-plane racket vibrations have been 
reported rather than solely out-of-plane.  Presumably they have been previously overlooked 
because the impact of the ball on the racket predominantly exerts a normal force on the 
stringbed. With players now hitting more topspin shots, however, the ball racket interaction is 
seldom completely normal.  The results presented in this chapter suggest that in-plane vibrations 
are excited by a relatively flat forehand ball strike to levels similar to out-of-plane vibrations 
particularly above 500 Hz.  Interestingly the peaks in the frequency spectra of the two 
accelerometers often combine which suggests that the mode shapes that they relate to must 
comprise of both in-plane and out-of-plane motion. 
Although the impact time of a tennis shot is typically 5 ms the results presented here suggest that 
frequencies up to 3 kHz are excited, which is much greater than the value of 200 Hz that Cross 
(2003) proposed.  Previous work by Stroede et al (1999) showed a dominant frequency 
60 
 
component of around 170 Hz, which is consistent with the data illustrated in Fig 3.7a.  However, 
when looking at the spectrograms this does not seem to be a dominant peak because it decays 
very quickly.  Instead the dominant frequencies in the spectrogram are higher with the peak at 
596 Hz appearing the most prominent. 
3.4(Conclusions(
The data presented in this chapter has provided a base level of knowledge from which it is 
possible to conclude that future experiments should examine a frequency range up to at least 1.5 
kHz.  The data also suggests that the sound decays to background levels 0.1 s after the impact 
with the ball.  The typical peak sound pressure recoded from the forehand impacts was circa 5 
Pa where as the peak pressures recorded by Davies (2005) were closer to 8 Pa, this difference can 
be attributed to the greater distance between the impact location and the microphone and also 
because Davies measured the sound pressure radiated from serves which probably meant that 
the impact velocities were faster than the velocity of the forehands shots measured in this study.  
The frequency content of the radiated sound measured in this study compares well with the 
results presented by Davies (2005) in Fig 1.2. 
As well as defining typical physical parameters of sounds radiated from tennis shots, this data 
also provides strong evidence that vibrations in the frame, excited by the impact with the tennis 
ball, radiate sound.  Although this finding was predicted, it was a necessary first stage of the 
investigation into understanding the racket as a sound source as there had previously not been 
any published information on the relationship between vibrations of the racket frame and the 
resultant sound from an impact.  Although it was evident that certain frequencies in the sound 
spectrum were directly due to frame vibrations, there was also frequency content that could not 
be attributed to racket vibrations. It is thought that the ball was responsible for some of this 
sound. 
To aid the analysis, the sound was divided into two sections termed the impulsive and the ringing 
component.  The impulsive component is the initial sound with steep attack and decay times and 
20 ms duration while the ringing component is defined as the rest of the signal after the decay of 
the impulsive component. It has a much lower amplitude but a longer duration meaning that it 
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may be more important to human hearing than its amplitude alone would suggest (Bisping, 
1966). 
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Chapter!4!
MODAL!BEHAVIOUR!OF!TENNIS!RACKETS!
Most noise and vibration problems are caused by operational dynamic forces exciting one or 
more resonances of a structure (Dossing, 1988). When the forcing frequencies are the same as 
the structure’s natural frequencies it is likely that unwanted noise and vibration will occur 
(Rossing, 2007).  Chapter 3 revealed that the vibrations of the racket frame are responsible for 
the majority of the dominant frequency components of the radiated sound.  Although it was 
possible to suggest the plane of the vibration responsible for some of the frequency components 
due to the orientation of the accelerometers, it was not possible to identify the mode shapes.  It 
is important to identify the mode shapes responsible for the radiated frequency components so 
that in turn the responsible parts of the racket system can be identified.  Experimental modal 
analysis techniques have been used extensively in conjunction with sound measurements in order 
to identify the components of a system that are the main contributors to unwanted sound 
(Gagnon, 1997; Burdisso, 2008; Erol, 2000).   
This chapter describes the use of experimental modal analysis to investigate the dynamic 
behaviour of a tennis racket.  The primary aim was to identify the modes of vibration responsible 
for radiating sound.  In addition, the effect of racket parameters (frame and stringbed properties) 
and racket boundary conditions (representative gripping condition) on the dynamic behaviour of 
the racket were also investigated as it was also important to understand how the dynamic 
behaviour of the racket, natural frequencies especially, can be changed in a controlled manner.  
Although there has been a number of studies investigating the effect of the hand on the dynamic 
behaviour of a racket, they have all concentrated on the fundamental bending mode of the racket 
and modal analysis of a hand gripped racket has not been completed before to the author’s 
knowledge.  It is important to investigate the effect of the hand not just on the fundamental 
mode of the racket but also higher natural frequencies as data presented in Chapter 3 suggests 
that higher natural frequencies are excited during a tennis impact and are responsible for 
radiating sound.  To the author’s knowledge, the effect of stringbed parameters on the dynamic 
behaviour of a tennis racket has not been investigated before. 
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It was also decided to investigate the effect of adding a stringbed damper to the stringbed as 
there is evidence that the addition of a stringbed damper alters the ‘feel’ of a shot (Stroede, 
1998).  As discussed in the literature review, it is widely accepted that a stringbed damper does 
not affect the vibrations that can be felt through tactile senses but does dramatically alter the 
sound of the racket (Mohr et al, 2008).  However, there are conflicting views on how the damper 
alters the vibrations.  Stroede et al (1998) suggested in his conclusion that the damper attenuates 
the amplitude of the stringbed modes by “absorbing” vibrations however Mohr et al (2008) 
proposed that stringbed dampers “act like stringbed mode shifters” and do not add any damping 
to the modes.  In order to investigate the effect of a stringbed damper on the sound, it is first 
necessary to identify how a stringbed damper affects the modal behaviour of the racket.   
The results presented in the previous chapter were used to set certain parameters of the modal 
analysis experiments.  Although frequencies up to 3000 Hz were excited in the frame of the 
racket by a typical forehand impact, the majority of energy in the frequency spectrum was 
concentrated in the region below 1500 Hz.  For this reason the EMA setup used in this study 
was required to enable investigation of the modes of the racket up to at least 1500 Hz, which is 
greater than the bandwidth used in the previous studies.  Previous modal analysis experiments of 
tennis rackets have only examined out-of-plane mode shapes.  However, with the modern game 
of tennis being dominated by aggressive topspin shots, in which ‘work’ is done on the ball by a 
non-normal interaction between ball and the stringbed, it can safely be assumed that in-plane 
modes of vibration (i.e. those parallel to the plane of the stringbed) are being excited more 
readily than ever before.  The results presented in Chapter 3 support this theory by showing that 
even during a flat tennis shot, in-plane vibrations in the frame are excited (Fig. 3.3).  In view of 
this, it was necessary to design an experimental setup that would enable identification of in-plane 
and out-of-plane mode shapes. 
To summarise, the aim of this investigative work is to use experimental modal analysis to 
understand the modal behaviour of a tennis racket up to at least 1500 Hz in all three-dimensions.  
Furthermore the effect of different strings and stringbed tensions on the modal behaviour of the 
racket will be investigated, along with the effect of a stringbed damper.  Finally, the differences 
between a hand-gripped racket and freely suspended racket will be investigated up to 1500 Hz. 
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4.1(Testing(Variables(
The majority of the modal analysis was conducted on the HEAD Airflow 7 (AF7) as this racket 
was used previously in Chapter 3.  The modal behaviour of a HEAD Prestige was also 
investigated due to its contrasting specifications.  The AF7 is one of the lightest rackets 
commercially available (231.7 g) with an oversize head (740 cm2) that is designed for novices; in 
contrast the Prestige has a greater mass (328.6 g) with a smaller midsize head (600 cm2) and is 
generally used by higher-level players.  
 
Fig. 4.1 – HEAD (a) Prestige and (b) AirFlow 7 tennis rackets 
The two strings used were the HEAD RIP Control and the HEAD Sonic Pro synthetic strings. 
Both strings had a 1.35 mm gauge (diameter) but different densities due to differences in their 
construction and inherent material properties. Each racket was tested between 24 and 48 hours 
after being restrung because a stringbed has been shown to lose tension in the first 24 hours 
after stringing while stabilising (Brody et al, 2002).  The damper used was also provided by 
HEAD and had a mass of 1.2 grams (Fig. 4.2); it was positioned in the standard location, 
immediately below the lowest cross string of the stringbed.  Table 4.1 details the different 
combinations of string type, tension, stringbed damper and boundary condition. 
 
b) a) 
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Fig. 4.2 – HEAD damper (mass 1.2 g) 
 
 
 
Table 4.1 – Racket configurations tested 
Racket AF7 Prestige 
Mass 
(unstrung) 231.7 g 328.6 g 
Head Size 740 cm2 600 cm2 
Tension 245 N (55 lbs) 245 N    (55 lbs) 
200 N   
(45 lbs) 
245 N 
 (55 lbs) 
200 N  
(45 lbs) 
String Rip Control Sonic Pro Sonic Pro 
Damper? N Y N Y N N N 
Boundary 
condition 
Free 
Free 
Hand-
gripped 
Free 
Free 
Free 
Free 
Free 
Free Free Free Free Free Free Free 
Configuration A B C D E F G H 
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4.2(Freely(Suspended(Racket(Arrangement(
4.2.1!Methodology!
The racket geometry was discretised by positioning small (3 mm diameter) circular markers of 
negligible mass (adhesive paper with white circles on a black background) on the racket frame at 
the required response locations of interest.  The circular markers were to be used directly as the 
measurement points thereby removing any discrepancy between the position of the points in the 
modal model and the actual measurement points.  38 markers were placed around the frame and 
87 markers directly on the stringbed intersections as shown in Fig. 4.3.  Experience was used to 
determine the preferred locations of the markers and the number of points provided sufficient 
spatial resolution to investigate mode shapes up to the desired frequency of 1500 Hz.  A two-
dimensional (2D) wire-frame model was subsequently created from the “marked-up” frame 
using an optical coordinate measurement technique (GOM Tritop).  The wireframe model and 
its coordinate system are also shown in Fig. 4.3. 
 
Fig. 4.3 - Tennis racket with optical markers and corresponding wireframe model with global axis system  
Initially the racket was excited with a modally tuned impact hammer and the response measured 
with a lightweight accelerometer using the roving excitation technique.  It soon became apparent, 
however, that the (Bruel & Kjaer Type 8206) impact hammer used was not capable of adequately 
exciting the stringbed up to the desired 1500 Hz due to the lower combined stiffness of the 
strings and hammer tip compared to that of the frame and the hammer tip.  Fig. 4.4 illustrates 
the power spectra of impacts on the frame and the stringbed.  Obtaining repeatable excitation of 
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the stringbed with the hammer also proved difficult due to the inconsistent nature of the 
stringbed surface. 
 
Fig. 4.4 –Force power spectra from impacts on frame and on stringbed 
To enable more consistent excitation and a greater excitation bandwidth, an electromagnetic 
shaker and scanning laser Doppler vibrometer (SLDV) were used to excite and measure the 
response of the racket using the roving response measurement technique.  This setup 
significantly decreased the total time taken to complete the measurements since the vibrometer is 
a contactless, automated measurement device and can be programmed to move the probe beam 
sequentially between the response locations.   
Although the results from the impact hammer excitation method were not used in the final 
analysis, the data were processed and revealed the first eight natural frequencies as well as their 
mode shapes.  This information was useful i) for determining a suitable driving point for the 
electromagnetic shaker (to ensure that all natural frequencies of interest would be activated, i.e. 
that none of the associated mode shapes had nodal lines at the driving point) and ii) to validate 
the data captured during the full survey, to ensure that the attachment of the shaker did not 
introduce significant local mass and/or stiffening effects and thereby shift the natural 
frequencies of the complete racket. 
The electromagnetic shaker was suspended such that it exerted a forcing function normal to 
the plane of the stringbed at the position where the yoke joins the frame as shown in Fig. 4.5a.  
The racket was freely suspended with nylon threads from an extruded section aluminium 
68 
 
structure, as shown in Fig. 4.5b, that was designed in such a way as to allow the racket to be 
readily suspended in either the vertical or horizontal orientation.  This in turn enabled the 
response of the racket at the various measurement locations to be readily measured in three 
orthogonal directions without changing the position of the SLDV.  While the response of the 
racket was measured both in-plane and out-of-plane, the excitation force was always normal to the 
stringbed (i.e. out-of-plane).  Preliminary testing confirmed that, as well as the out-of-plane 
modes of vibration, the in-plane modes were also adequately excited by this method.  Fig. 4.6 
shows example coherence plots illustrating the relationship between the response and the 
excitation signal.  The coherence achieved with the out-of-plane measurements was greater than 
the in-plane measurements because the racket was excited out-of-plane.  
 
 
Fig. 4.5 - Experimental arrangement a) electrodynamic shaker, stinger, force transducer attachment and location 
and b) racket suspension and SLDV positioning 
 
b) a) 
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Fig. 4.6 – Example of coherence measured a) out-of-plane and b) in-plane 
The optical markers used to define the racket discretised geometry were also used as the 
measurement points on the frame of the racket as they provided the SLDV with a suitably 
reflective surface.  The same markers that were placed on the stringbed were not used for 
measurements, however, since it was found that there was discrepancy between the velocity of 
the markers and the velocity of the underlying strings.  In the case of the stringbed 
measurements, it was found to be possible to obtain a sufficiently strong SLDV signal with the 
laser beam focused on the stringbed intersections themselves, i.e. without any surface treatment.  
During the investigations, LMS Test.Lab software was used along with an LMS Scadas 
frontend to acquire the data as well as act as a signal generator.  Linear averaged frequency 
response functions (FRFs) were calculated from 20 individual measurements with no overlap, 
each acquired over a duration of 1.3 sec at a sampling frequency of 6.4 kHz, i.e. with a useful 
bandwidth of 2.56 kHz.  Burst random (white noise) excitation with a 0.05 sec ramp time was 
b) 
a) 
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used to excite the racket for 50% of the acquisition window time.  This ensured that the resulting 
vibrations in the racket had decayed entirely before the end of each acquisition window to 
minimise leakage. 
4.2.2!Validation!of!Experimental!Method!
 
 
 
Fig. 4.7 – a) Sum of all FRFs recorded and b) sum of out-of-plane FRFs and in-plane FRFs recorded from 
AF7 strung with Sonic Pro strings at 245 N (55 lbs.) 
The sum FRFs of the AF7 strung with Sonic Pro strings at a tension of 245 N are displayed 
in Fig. 4.7.  It can be seen that the level of the FRFs measured out-of-plane  are approximately 
an order of magnitude greater than those measured in-plane (Fig. 4.7b) because the racket was 
solely excited in the out-of-plane direction.  Even though the in-plane excitation is low, 
predominantly in-plane modes of vibration are apparent e.g. at 205, 404 and 987 Hz 
b) 
a) 
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The natural frequencies and damping ratios of the first 8 modes were compared with those 
measured using the hammer arrangement (Table 4.2) to ensure that the stinger attachment or 
force transducer did not change the properties of the structure in terms of mass or stiffness.  
The minimal differences between both the frequencies and damping ratios indicate that use of 
the shaker did not adversely affect the modal behaviour of the tennis racket.  The mode shapes 
associated with the natural frequencies were now explored using the data captured from the 
shaker experimental setup. 
Table 4.2 – Comparison of natural frequencies and damping ratios measured from the shaker and hammer 
excitation method from an AF7 with Sonic Pro Strings at 245 N (Configuration D) 
Boundary 
Condition 
Free-free 
Shaker Free-free Hammer Difference 
Mode f .  Hz ζ.  % f .  Hz ζ.  % f .  Hz  ζ.  %  
1 179 0.44 180 0.65 1 0.21 
2 416 0.54 416 0.58 0 0.04 
3 511 0.37 510 0.41 1 0.04 
4 667 0.09 664 0.14 3 0.05 
5 1000 0.58 1000 0.60 0 0.02 
6 1065 0.16 1060 0.28 5 0.12 
7 1069 0.14 1063 0.21 6 0.07 
8 1152 0.79 1146 0.88 6 0.09 
!
4.2.3!Modal!Analysis!of!the!AF7!and!Prestige!Rackets!
After a complete set of FRFs had been collected, they were processed in the LMS Test.Lab 
software where stable modes were selected from a stabilisation diagram.  The mode shapes 
(Eigenvectors) associated with each of the natural frequencies (Eigen frequencies) were then 
calculated.  To aid the visualization of the mode shapes, four views have been illustrated for each 
mode.   Each of the mode shapes in Fig. 4.8 has been labelled with a B, IP B, T or an S 
depending upon whether it is considered to be of the form (out-of-plane) Bending, In-Plane 
Bending, Torsional or Stringbed mode, respectively.  The bending and torsional modes are 
relatively easy to visualize, as the racket behaves in a similar manner to a freely vibrating beam.  
The stringbed mode shapes, however, are significantly harder to visualise and describe.  It was 
decided, therefore, to use the labelling method of Timme et al. (2009) to describe the stringbed 
mode shapes.  The nomenclature for labelling is (x,y), where x is the number of nodal lines and y 
is the number of nodal circles.  Since the stringbed area is not perfectly circular, it can be 
assumed that there will be similar mode shapes that have the same number of nodal lines and 
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circles but at slightly different frequencies.  These similar pairs of modes are differentiated with a 
the letter a or b after the nodal lines number. 
In total 15 modes were identified below 1500 Hz: nine frame modes and six stringbed modes.  
The frame mode family variants include out-of-plane bending, in-plane bending and torsional 
modes.  The in-plane modes, being of significantly reduced “modal mass”, were only readily 
identifiable once the out-of-plane velocity measurements were omitted in the software.  The fact 
that no other research has investigated in-plane modes or any frame modes beyond 1000 Hz, the 
mode shapes in Fig 4.8 make up the most comprehensive list of mode shapes completed to date.    
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 Freq. Hz YZ Plane XY Plane ZX Plane Isometric 
B1 
 179 
 
 
  
B2 510 
   
 
B3 1013 
  
 
 
IP B1 
205 
  
 
 
 Fig. 4.8 – Modes shapes calculated from an AF7 racket with Sonic Pro strings strung at 55lbs (Configuration D).  
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IP B3 987 
 
 
 
 
T1 422 
   
 
T2 1146 
 
 
 
 
S1 
(0,1) 
566 
   
 
Fig. 4.8 cont. – Modes shapes calculated from an AF7 racket with Sonic Pro strings strung at 55lbs (Configuration D)  
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S2 
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S3 
(1b,1) 906 
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(2a,4) 1186 
   
 
S5 
(2b,4) 1191 
 
  
 
S6 
(0,2) 
1313 
   
 
Fig. 4.8 cont. – Modes shapes calculated from an AF7 racket with Sonic Pro strings strung at 55lbs (Configuration D)  
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Fig. 4.9 – Sum of all measured FRFs from AF7 and Prestige strung with Sonic Pro strings at the 
same tensions.  (Configurations D & G) 
The FRFs shown in Fig. 4.9 are the sum of the out-of-plane measurements from an AF7 
and a Prestige racket.  Both rackets were strung with the same string at the same tension, 
however due to the smaller head size of the Prestige, the stringbed stiffness was greater 
than that of the AF7.  This is evident in the results as the Prestige stringbed modes are at 
higher frequencies than the corresponding modes of the AF7.  The frame modes of the 
Prestige are lower in frequency than the AF7; this can be attributed to the difference in 
the mass of the frames.   
4.2.4$Effect$of$stringbed$parameters$on$modal$behaviour$
This section investigates the influence of different string types and string tensions on the 
modal behaviour of an AF7 tennis racket.  
$ AF7$Sonic$Pro$
245$N$
Prestige$Sonic$
Pro$245$N$
f.#Hz$ ζ.#%$ f.#Hz$ ζ.#%$
B1$ 179$ 0.86$ 141$ 0.86$
IP$B1$ 205$ 0.55$ 146$ 1.50$
T1$ 422$ 0.52$ 364$ 0.74$
IP$B2$ 444$ 0.56$ 345$ 0.49$
B2$ 510$ 0.40$ 459$ 1.01$
S1$ 566$ 0.04$ 652$ 0.13$
S2$ 883$ 0.10$ 1033$ 0.07$
S3$ 906$ 0.10$ 1054$ 0.10$
IP$B3$ 987$ 0.53$ 858$ 0.51$
B3$ 1013$ 0.56$ 724$ 0.45$
T2$ 1146$ 1.00$ 1265$ 0.44$
S4$ 1186$ 0.09$ 1389$ 0.07$
S5$ 1191$ 0.08$ 1397$ 0.16$
S6$ 1313$ 0.07$ 1516$ 0.08$
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4.2.4.1%String%type%
 
 
 
Fig. 4.10 – Sum of measured FRFs from two AF7s strung with different strings at the same tension.  
(Configurations A & D) 
Fig. 4.10 illustrates the sum of the FRFs and the frequencies of the previously identified 
mode shapes measured from the same racket strung with two different strings.  On both 
occasions the frame was strung at the same tension but the two strings had different 
stiffness and mass properties, the Sonic Pro string having the greater mass of the two 
strings.  The mode shapes of the two racket configurations remained the same but the 
differences in the frequencies of each mode can be seen in the table in Fig 4.10.  The 
frequency of the first three modes (B1, T1 and B2) were unaffected by the change in 
string type.  In fact all frame modes were largely unaffected by changing the string type.  
The first stringbed mode (S1) increased from 566 Hz with the Sonic Pro strings to 667 
Hz with the RIP Control strings.  This increase of 101 Hz is likely to be because the 
Sonic Pro strings are heavier than the RIP Control strings in their original state and, in 
addition, when both strings are subjected to the same tension, the RIP Control strings 
exhibit greater elongation so the resultant mass of the RIP Control stringbed is 
considerably less.  
%
%
 
$ AF7$Sonic$Pro$
245$N$
AF7$Rip$Control$
245$N$
$ f.#Hz$ ζ.#%$ f.#Hz$ ζ.#%$
B1$ 179$ 0.86$ 179$ 0.63$
IP$B1$ 205$ 0.55$ 203$ 0.84$
T1$ 422$ 0.52$ 422$ 0.52$
IP$B2$ 444$ 0.56$ 442$ 0.61$
B2$ 510$ 0.40$ 511$ 0.43$
S1$ 566$ 0.04$ 667$ 0.11$
S2$ 883$ 0.10$ 1065$ 0.19$
S3$ 906$ 0.10$ 1073$ 0.14$
IP$B3$ 987$ 0.53$ 974$ 0.73$
B3$ 1013$ 0.56$ 1004$ 0.57$
T2$ 1146$ 1.00$ 1152$ 0.94$
S4$ 1186$ 0.09$ 1408$ 0.21$
S5$ 1191$ 0.08$ 1414$ 0.18$
S6$ 1313$ 0.07$ 1559$ 0.14$
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4.2.4.2%Stringbed%tension%
 
Fig. 4.11 – Sum of all measured FRFs from two AF7s strung with Sonic Pro strings at different 
tensions. (Configurations D & F) 
The effect of changing string tension (Fig. 4.11) had a similar effect to changing string 
type.  The frame modes were largely unaffected whereas the stringbed modes decreased 
in frequency as the tension of the stringbed reduced.  Interestingly, the reduction in 
stringbed tension resulted in a reduced frequency range between S1 and B2 and the 
effect of this on the sound and vibrations created during play will be investigated further 
in later Chapter 6.  
 
  
 
 
$ AF7$Sonic$Pro$
245$N$
AF7$Sonic$Pro$
200$N$
f.#Hz$ ζ.#%$ f.#Hz$ ζ.#%$
B1$ 179$ 0.86$ 180$ 0.79$
IP$B1$ 205$ 0.55$ 206$ 0.85$
T1$ 422$ 0.52$ 424$ 0.52$
IP$B2$ 444$ 0.56$ 444$ 0.53$
B2$ 510$ 0.40$ 504$ 0.46$
S1$ 566$ 0.04$ 524$ 0.19$
S2$ 883$ 0.10$ 798$ 0.08$
S3$ 906$ 0.10$ 840$ 0.11$
IP$B3$ 987$ 0.53$ 978$ 0.55$
B3$ 1013$ 0.56$ 1005$ 0.52$
T2$ 1146$ 1.00$ 1140$ 1.01$
S4$ 1186$ 0.09$ 1081$ 0.11$
S5$ 1191$ 0.08$ 1091$ 0.12$
S6$ 1313$ 0.07$ 1213$ 0.09$
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4.2.5$Effect$of$a$stringbed$damper$on$modal$behaviour$
A stringbed damper is known to affect the acoustic response of a tennis racket (Stroede, 
1998; Bower & Cross, 2003) but it is currently not fully understood exactly how the 
damper changes the mechanical properties of the racket frame and stringbed system.  A 
modal analysis of an AF7 with and without a damper was conducted using the same 
experimental protocol detailed in section 4.3.1.  Results are shown in Fig 4.12  
 
 
Fig. 4.12 – Sum of measured FRFs from two AF7s strung identically with and without a stringbed 
damper. (Configurations D & E) 
The FRFs (Fig. 4.12) show that the damper did not affect the frame modes of the racket 
but did change the frequencies and damping ratios of the stringbed resonant frequencies.  
The modal analysis results indicated that the damper not only changes the frequencies 
but also the shape of the stringbed modes.  For the undamped racket, S1 was identified 
at 566 Hz but, for the same racket with the damper, the first detectable stringbed mode 
was at 583 Hz.  Adding mass to any structure should decrease the natural frequency of 
the structure, therefore the mode shapes were compared.  The mode shape for the 
damped stringbed mode at 583 Hz had a single measurement point out of phase with the 
rest of the stringbed and notably this was the only measurement point below the 
damper’s position.  This suggests that this mode could be S2 that has been shifted down 
$ AF7$Sonic$Pro$
245$N$
AF7$Sonic$Pro$245$
N$with$damper$
$ f.#Hz$ ζ.#%$ f.#Hz$ ζ.#%$
B1$ 179$ 0.86$ 179$ 0.73$
IP$B1$ 205$ 0.55$ 203$ 0.94$
T1$ 422$ 0.52$ 422$ 0.50$
IP$B2$ 444$ 0.56$ 445$ 0.44$
B2$ 510$ 0.40$ 511$ 0.40$
S1$ 566$ 0.04$ 583$ 0.91$
S2$ 883$ 0.10$ $ $
S3$ 906$ 0.10$ 906$ 0.16$
IP$B3$ 987$ 0.53$ 992$ 0.68$
B3$ 1013$ 0.56$ 1013$ 0.56$
T2$ 1146$ 1.00$ 1146$ 1.08$
S4$ 1186$ 0.09$ 1190$ 0.23$
S5$ 1191$ 0.08$ $ $
S6$ 1313$ 0.07$ $ $
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the frequency spectrum and the node line of the mode has moved down to the damper’s 
position.  However, it was not possible to say this for certain.  What is certain is that the 
damping ratios of the stringbed modes changed with the addition of a damper.  The first 
detectable stringbed mode with the damper had a damping ratio of 0.91 % where as the 
damping ratio of the first stringbed mode without a damper was 0.04 %.  The damping 
ratio of S3 and S4 changed also, from 0.10 % to 0.16 % and 0.09 % to 0.23 % 
respectively. The increase is less for these modes because the damper was positioned on 
the node line of the respective mode shapes. 
Although this data provided evidence of the effect that a damper has on the modal 
behaviour of a racket it was not known how the damper changed the parameters.  As 
there is strong anecdotal evidence that the addition of stringbed damper can change the 
sound of a racket from undesirable to desirable it was deemed important to investigate 
the effect of a damper further and answer the following questions 
1. Does the mass alone change the behaviour of the racket? 
2. Does the damper actually provide any damping to the racket? 
To answer these questions, an initial approach was to investigate the theoretical effect of 
adding mass to a vibrating structure such as a stringbed, which was followed by further 
experimentation to examine the effect of adding damper mass incrementally.  Finally an 
experimental approach was taken to examine the differences between the effects of 
adding a damper (rubber) and a mass with minimal damping (metal) to the stringbed. 
4.2.5.1%Theoretical%analysis%
Cross (2000) investigated the effect of frame stiffness and string tension on racket power 
and control by modelling the ball and strings as springs while the frame was treated as a 
flexible beam.  The theoretical model found negligible differences from changing the 
tension but found that a stiffer frame resulted in a significant increase in racket power.  
This type of analysis on the racket and stringbed has been carried out a number of times 
(Cross, 2000; Leigh, 1992) but only focusing on the time that the ball spends on the 
racket.  The sound of a tennis shot has been shown to last far longer than the 5 ms that 
the ball is in contact with the strings.  Therefore it is important to investigate how the 
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stringbed vibrates after the ball has left the strings.  For this reason, the racket has been 
modelled as a rigid body with the stringbed assumed to behave like a single degree of 
freedom mass-spring-damper system with a mass, m, stiffness, k and damping, c (Fig. 
4.13).   
 
 
Fig. 4.13 – Frame and stringbed of a tennis racket represented as a simple mass-spring-damper system 
The standard equation of motion for the SDOF system in Fig 4.13 is given by: 
! ! = !! + !! + !"!!                                 [Eq. 4.1] 
When the ball has left the stringbed the vibration is free, therefore the applied force is 
zero.  Eq. 4.1 is a second-order linear differential equation.  If one divides through by m 
Eq. 4.2 is obtained 
! + 2!!!! + !!!!!!! = 0                                  [Eq. 4.2] 
as  ! = ! !!!!!      and   !! = ! !!  and where  !! represents the undamped natural 
frequency and !  is the damping ratio of the system.  Assuming that the system is 
Force, F 
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underdamped (meaning that the mass completes more than one oscillation before 
coming to rest, 0<!<1), one general solution to this equation is: 
! ! = !!!!!!!!.! . sin!(!! . !)                             [Eq. 4.3] 
where !! = !!! 1− !! = damped natural frequency.   
Fig. 4.14 shows an example of an under damped system with the exponential expression 
that governs the rate of decay; as !!! = !!!! then an increase in mass would result in a 
lower damping ratio leading to a longer decay time of the vibrating string. 
 
 
 
 
 
Fig. 4.14 – Vibration decay of system with viscous damping 
 
Therefore, if the mass, m, of the stringbed is increased then the decay time should also 
increase, assuming all other variables remain constant.  Mohr et al (2008) suggested that a 
stringbed damper does not add any damping but only mass to the stringbed.  However, 
assuming that the initial deflection of the stringbed is the same with the added mass of 
the damper then the stringbed should in theory vibrate for longer but at a lower 
frequency.  
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4.2.5.2%Experimental%Analysis%%
In light of the prediction from the theoretical model the effect of a stringbed damper was 
investigated experimentally.  The mode shapes of the stringbed were analysed for a 
racket with a damper and a racket without a damper.  However, as the frequency and 
shapes of the modes changed considerably it was not possible to understand how they 
had been altered.  Therefore an experiment was conducted where the damper was cut 
into smaller segments so that the natural frequencies and mode shapes of the stringbed 
could be tracked as they changed with the incremental addition of mass. 
The damper, of mass 1.2 g, was cut into segments so that the mass could be increased in 
0.2 g increments at the damper’s typical location on the stringbed (Fig. 4,15).  Full modal 
analysis was not completed for each of these configurations as the full test took a day to 
complete.  Instead, the racket (configuration A) was excited by a shaker in the same 
manner as previously used and a single response measurement was taken with the laser 
vibrometer from a location on the stringbed that would enable detection of the first three 
stringbed modes.  
 
Fig. 4.15 – Location of lumped mass added to the stringbed of the wireframe geometry of the tennis 
racket 
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Fig. 4.16 – Effect of adding a damper in 0.2 g increments to the FRF of a freely suspended racket 
(Configuration A) 
 
Table 4.3 - Effect of adding incremental mass (rubber) to the natural frequencies of a tennis racket 
 0 0.2 0.4 0.6 0.8 1.0 1.2 
B1 179 179 179 179 179 179 179 
T1 423 423 423 423 423 423 423 
B2 511 511 511 511 511 511 511 
S1 665 655 644 626 597 572 515 
B3 1004 1004 1004 1004 1004 1004 1004 
S2 1062 - 776 728 705 695 688 
S3 1070 1070 1070 1070 1070 1070 1070 
 
The dark blue line, in Fig. 4.16, represents the FRF measured from an undamped 
stringbed.  With 0.2 g added to the stringbed, S2 disappeared from view, whereas S3 
remained unchanged because the mass was positioned on the node line of this mode.  S1 
also decreased in frequency, from 665 to 655 Hz.  When 0.4 g was attached to the 
stringbed, S1 continued to decrease in frequency and a new peak appeared between S1 
and the original location of S2.  This is thought to be S2 shifted down the frequency 
spectrum.  As more mass was added the peak of S2 moved further down the spectrum 
towards the frequency of S1, although once it got to within approximately 20 Hz of the 
undamped S1 frequency it did not reduce in frequency with further mass additions above 
1.2 g.  This may be because the node line of S2 was now at the location of the damper so 
any additional mass would not have an effect on the mode.  To further investigate the 
S1 S2 S3 
B2
B1 
T1 
B3 T2 
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effect of a damper on a stringbed’s modal behaviour and to clarify if the added mass is 
shifting S2, the structural modification application within LMS Test.Lab was used to 
simulate the effect of adding mass to the stringbed. 
Modal based modification prediction allowed the impact of a structural change to the 
modal behaviour of the racket to be studied.  In this case, the structural change was a 
change in the mass of the stringbed by applying a mass at a finite location, shown in Fig. 
4.15.  The mass was added in 0.2 g increments.  The modal analysis software then used 
the measured FRFs and mode shapes of the racket without a damper to predict the 
natural frequencies and mode shapes of the system with the added mass.      
The estimated modal frequencies correlated well with the experimental data.  In addition, 
the software was used to animate the predicted mode shapes and this was used to 
explore how the addition of mass affected the second stringbed mode in particular.  Fig. 
4.17 shows how the node line of S2 shifts down towards the throat of the racket as the 
mass is increased.   
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Condition Mode Shape Exp. 
Freq 
Sim. 
Freq 
0 g 
(experimental) 
 
1062  
0.2 g 
(simulated) 
 
- 828 
0.4 g 
(simulated) 
 
776 727 
0.6 g 
(simulated) 
 
728 706 
0.8 g 
(simulated) 
 
705 700 
1.0 g 
(simulated) 
 
695 697 
1.2 g 
(simulated) 
 688 695 
1.2 g 
(experimental) 
 
Fig. 4.17: The effect of adding mass in 0.2 g increments to the frequency and mode shapes of mode S2 
(Exp refers to experimental and Sim refers to simulation results) 
Equation 4.3 suggests that if the damper only adds mass to the system then the decay 
time of the vibrations would be increased but this is contrary to the experimental 
evidence that dampers reduce the decay time of vibrations (Bower & Cross, 2003; 
Stroede et al, 1999).  If this is the case then one argument for the decrease in the decay 
time was due to the frequencies of the stringbed being reduced and dissipating their 
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energy in frame modes such as the 2nd bending mode as the frequencies of the two 
modes end up being nearly the same. (Mohr et al 2008).  
To examine the hypothesis of Mohr et al (2008), the frame of the racket was rigidly 
clamped to a massive object so that the strings’ energy would not dissipate into any 
frame modes.  The string bed was excited with an impact hammer and the response was 
measured with a laser vibrometer in the corner of the stringbed to ensure that at least the 
first three stringbed modes could be measured.  The decay of the stringbed vibrations 
was measured and analysed from a racket without a string damper and then from the 
same racket with a string damper.  The results showed that the decay time of the string 
vibrations was much longer without a damper.  This showed that the duration of the 
stringbed vibrations was reduced with the addition of a stringbed damper even with the 
frame constrained to minimise its vibration. 
A subsequent experiment was carried out in which the effect of a rubber damper was 
compared to a piece of metal of the same mass.  With the racket suspended as shown in 
Fig. 4.5, the frame was instrumented with two accelerometers, measuring in-plane and 
out-of-plane vibrations.  The racket’s stringbed was excited with an impact hammer in 
the geometric centre of the strings and a data acquisition system was used to record the 
signals from the accelerometers following the excitation signal.  The test was completed 
10 times.  The procedure was then repeated for a racket with a standard stringbed 
damper and then for a racket with a piece of metal of the same mass in exactly the same 
position as the damper.   
Fig. 4.18 shows the frame vibrations in the time domain from each racket setup; the data 
is hard to interpret as the first bending mode dominates the measured vibrations as the 
racket is freely suspended.  It is known that the damper does not affect the frame modes 
so in order to investigate the stringbed modes, the natural frequencies associated with the 
frame were filtered out using a Butterworth bandpass filter that removed all frequencies 
apart from the first detectable stringbed mode (568 Hz for undamped racket and 585 Hz 
for racket with damper or lead) implemented in MATLAB.  The resulting signals (Fig. 
4.19) are now for S1. Clearly the damper reduces the decay time while the addition of the 
same amount of mass in stiff metal form had little effect on the decay of frame 
vibrations due to the vibrating strings. 
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Fig. 4.18 – Out-of-plane frame vibrations for a) unmodified racket, b) racket with a 
damper and c) racket with lead mass 
 
Fig. 4.19 – Filtered out-of-plane frame vibrations for a) unmodified racket, b) racket with 
a damper and c) racket with lead mass 
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A MATLAB programme was implemented to calculate the time constant of the filtered 
signals.  The first stage was to pick the maximum absolute value of the data within each 
successive 5 ms interval.   An exponential curve of the form y(t) = !!!!!.!plotted in red 
was fitted through the points (Fig. 4.20).  The time constant, !, represents the time taken 
for the signal to decay by 1 – 1/e (≈63%) and was used as a measure of decay time. The 
mean time constant for each racket configuration from both in-plane and out-of-plane 
vibrations are documented in Table 4.4.   
 
Fig. 4.20 –a) Maximum absolute values for every 5 ms of data (indicated with blue crosses) and 
exponential curve fit to these points (red line) and b) original data with exponential curve overlaid 
The calculated time constants are very similar from both accelerometers.  The addition of 
a 1.2 g damper reduced the time constant by a factor of three where as the addition of 
the same mass in the form of lead only reduced the time constant marginally.  This 
indicates that the stringbed damper does add considerable damping rather than simply 
adding mass to the stringbed. 
Table 4.4 – Mean time constant for the decay of frame vibrations due to the stringbed modes. 
Direction Added Mass to the stringbed Time Constant, τ, ms 
Out-of-plane 0 g 148.93 
1.2 g Damper 44.99 
1.2 g Lead 129.56 
 
In-Plane 0 g 149.88 
1.2 g Damper 43.41 
1.2 g Lead 129.00 
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It can be concluded that, while the damper’s mass is responsible for shifting the 
stringbed modes down the frequency spectrum, it also adds damping to the system which 
also reduces the frequency of the modes slightly but primarily reduces the decay time of 
the vibrations.  These are the reasons why a racket with a damper has a different acoustic 
signature compared to a racket without a damper.   
4.3$Effect$of$the$Human$Hand$on$dynamic$behaviour$
One of the main reasons why EMA of a hand-gripped racket has not been carried out 
before is due to the inherent inconsistency of the boundary condition that the hand-grip 
represents.  Changes in the grip location and pressure are inevitable and the effect of 
these variables has not been investigated in the thesis.  Additionally, a human would be 
incapable of holding the racket sufficiently still to prevent variation in mass or stiffness 
loading from the shaker assembly or to allow the SLDV to reliably address the 
measurement locations.   
4.3.1$HandMgripped$racket$arrangement$
For these reasons, two lightweight (0.6 g) charge accelerometers (B&K Type 4517-C) 
were used in this experiment to simultaneously measure the response of the racket in two 
directions (one out-of-plane and one in-plane) at 30 points around the racket frame as 
shown in Fig. 4.21.  Response measurements were not measured from the stringbed as 
even these lightweight accelerometers significantly alter the modal properties of the 
stringbed.  Far fewer measurement points were used but those selected were a subset of 
the points from the freely suspended racket experiment.  The accelerometer used to 
capture the in-plane response was always mounted at a tangent to the frame and, as such, 
its measurements included varying proportions of the two in-plane components 
according to its location.  To accommodate this, Euler angles were defined at each of the 
measurement locations and during subsequent software data processing, the measured 
FRFs were resolved into each of the two global coordinate directions.  The racket was 
excited using an instrumented modally tuned impact hammer (B&K Type 8206) at three 
locations to adequately excite out-of-plane, in-plane and stringbed modes (Fig. 4.21), 
providing 180 FRFs.  Each FRF was the linear average of five individual measurements 
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(sampling frequency 6.4 kHz, sample length 0.64 sec with a 0.12 sec pre-trigger). 
Recorded signals had decayed to zero by the end of the acquisition period. Despite the 
variability of the hand-gripped boundary condition, the LMS Test.Lab Modal Analysis 
software identified numerous stable modes. 
 
 
Fig. 4.21 - Discretised geometry of the hand-gripped racket with the three excitation points and arrows 
indicating direction of impact 
4.3.2$HandMgripped$racket$experimental$results$
Fig. 4.22 a) shows the sum of all the FRF measurements collected.  Equivalent data from 
the freely suspended racket indicated that there was high modal density, particularly 
around 1000 Hz.  To improve the identification of the various modes, the data were split 
into three subsets, one for each impact position.  The sums of each of these subsets are 
shown in Fig. 4.22 b), using this processing it was possible to identify many more modes 
of vibration than would have otherwise been possible. 
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Fig. 4.22 - Sum of a) all FRFs and b) FRFs for each impact location. (Configuration A) 
From visual inspection, the mode shapes obtained for the hand-gripped racket were 
very similar to those of the freely suspended racket and examples are shown in Fig. 
4.23a). All modes for the freely suspended racket were also identified for the hand-
gripped racket.  Three additional mode shapes were, however, identified in the hand-
gripped racket data; they are annotated H1, H2, H3 in Fig. 4.22 and illustrated in Fig. 
4.23b).  These modes have only in-plane motion and were excited to the greatest extent 
with impact at point 29. They differ from in-plane bending modes as they are 
symmetrical around the y-axis; the handle does not vibrate and the head vibrates in a 
similar manner to hoop modes found in cylinders.  For this reason they have been 
annotated as H.  These modes were not clearly identifiable in the data from impact at 
location 33, which was the location used for shaker excitation of the freely suspended 
racket. 
a) 
b) 
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Fig. 4.23 - Example mode shapes for a hand-gripped racket a) left to right: B1, T1, S and b) left to 
right: “hoop modes” H1, H2, H3. (Configuration A) 
 
4.3.3$Comparison$of$Modal$Analysis$Results$$
Table 4.5 - Comparison of the modal properties of a freely suspended racket and hand-held racket. 
(Configuration A) 
Boundary 
Condition 
Freely 
suspended 
Shaker 
Hand-gripped 
Hammer 
Freely suspended 
Hammer 
Mode f. Hz f. Hz f. Hz 
B1 179 169 180 
B2 511 502 510 
B3 1000 980 1000 
IP B 1 203 192 206 
IP B 2 442 428 439 
IP B3 974 962 969 
T1 416 413 416 
T2 1152 1130 1146 
S1 667 664 664 
S2 1065 1051 1060 
S3 1069 1060 1063 
S4 1395 1387 1388 
S5 1416 1402 1396 
S6 1567 1551 1562 
H1 - 837 857 
H2 - 1069 1084 
H3 - 1600 1662 
 
a) Bending, torsion and stringbed modes 
b) Hoop modes 
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Table 4.5 reveals the effect of the hand on the racket.  The first out-of-plane and in-
plane bending mode frequencies are reduced the most (6.7 & 5.4 %, respectively).  The 
effect of the hand on the damping ratios is far greater; for example the damping ratio of 
B1 is increased from 0.44 to 5.83 %.  The stringbed modes are affected far less by the 
hand than the frame modes. The location of the hand relative to a node line of a mode 
shape influences the effect of the hand on that particular mode’s frequency and damping 
ratio.   
Although the mode shapes were labelled by visually comparing the mode shapes, a 
Modal Assurance Criterion (MAC) was performed to establish the effect of the hand on 
the mode shapes and whether mode switching had occurred.   
 
 
Fig. 4.24: Modal Assurance Criterion analysis of freely suspended and hand gripped racket a) out-of-
plane modes and b) in-plane modes. (Configuration A) 
 
Fig. 4.24a) illustrates the MAC for the out-of-plane modes with good agreement for all 
modes (above 0.7), except B3 which was calculated to be 0.498.  The plot also shows that 
mode switching has not occurred.  The in-plane modes are more poorly correlated, as 
shown in Fig. 4.24b), with values of 0.32, 0.52 and 0.57 for IP B1, IP B2 and IP B3 
a) b) 
a) 
b) 
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respectively. This lower correlation may be due to the hand having a larger effect on in-
plane modes than out-of-plane modes but poor excitation of in-plane modes with the 
chosen shaker orientation is believed to be the main factor. 
4.4$Discussion$and$Conclusions$
Two different methods of modal data acquisition and analysis have been used to identify 
the modal properties of a freely suspended racket and a hand-held racket. The scanning 
laser Doppler vibrometer and electromagnetic shaker combination was ideal for the 
freely suspended racket as it was able to identify the mode shapes of the racket and 
stringbed up to 3 kHz (although only <1500 Hz has been analysed).  Impact hammer / 
accelerometer data was also captured from a freely suspended racket to validate the data 
collected from the shaker experiment setup. An impact hammer and accelerometer 
approach was chosen for the modal analysis of the hand-held racket because the hand-
gripped condition meant that it wasn’t possible to use either the shaker for excitation or 
the laser vibrometer for response measurement because the subject would not have been 
able to hold the racket motionless. 
Sixteen modes below 1500 Hz were identified, resulting in the most comprehensive study 
to date of the dynamic behaviour of a tennis racket in terms of frequency range and three 
dimensional mode shapes.  The first stringbed mode was at 667 Hz with zero node lines, 
higher stringbed modes that did have nodal lines all occurred in pairs with the same 
number of nodal lines and nodal circles but different orientations and slightly different 
frequencies (4-9 Hz) due to the elliptical shape of the stringbed.  Differences were also 
noted between the damping ratios of stringbed and frame modes.  Frame modes typically 
had damping ratios of circa 0.5 % but stringbed modes were closer to 0.1 %.  This could 
influence how humans perceive the vibrations, as sensations that take longer to decay are 
likely to be perceived as being louder (Bisping, 1966)). 
The main motivation for this study was to identify the modes associated with vibrations 
measured from a racket during normal tennis play.  To achieve this, EMA was conducted 
on a hand-held racket and compared to a freely suspended racket.  The presence of the 
hand was found to make only small changes to the frequencies but large changes to the 
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damping properties of the frame modes.  Stringbed modes were unaffected by the hand-
gripped boundary condition.  A modal assurance criterion calculation showed the mode 
shapes of a freely suspended racket and a hand-gripped racket are very similar.   
Although the freely suspended racket was excited solely in an out-of-plane direction, in-
plane mode shapes were also excited. This suggests that the mode shapes of tennis 
rackets should not be considered as exclusively two-dimensional.  For example B2 is 
predominantly an out-of-plane mode but also has a significant in-plane motion.  
Similarly, the stringbed modes are dominated by stringbed deflection but there is also 
motion of the racket frame at the same frequency, particularly at S1.  This is because the 
frame must vibrate out of phase to the stringbed so that the centre of mass of the racket 
(frame + stringbed) remains constant.  This transfer of energy from the stringbed to the 
frame was found to be further prevalent in the modal testing of the hand held racket 
where only frame vibrations were measured but the stringbed modes had some of the 
largest peaks in the FRFs, this is partially down to the fact that the stringbed modes had 
lower damping ratios than frame modes. 
The stiffer and denser Sonic Pro string resulted in lower stringbed frequencies than the 
Rip Control string.  The frame modes remained largely unchanged with the two different 
strings, although IP B3 was affected the most with an increase of 13 Hz when strung 
with the Sonic Pro strings.  A decrease in tension of the stringbed also seemed to have 
little effect on the modal behaviour of the frame.   
During modal analysis, the addition of a damper had no effect on the response of the 
frame but did change the modal properties of the stringbed.  The most noticeable change 
was the effect on the mode shapes, in particular the reduction in frequency of S1 and S2.  
By comparing the rubber damper to a piece of metal of identical mass, it can be 
concluded that a damper not only changes the mode shapes of the stringbed (due to its 
mass) but also significantly reduces the decay time of the vibrations of the strings and 
also the string induced vibrations of the frame. The effect of all the different racket 
configurations and boundary conditions on the rackets natural frequencies is tabulated in 
Table 4.6 
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Now that that the modal behaviour of the different racket configurations is known, these 
data can be used to confidently suggest which modes of vibration are responsible for the 
sound radiated from a tennis racket during an impact.   
 
Table 4.6 – Effect of racket configuration and gripping condition on the natural frequencies of the racket 
identified during the experimental modal analysis 
 Effect on out-of-
plane frame modes 
Effect on in-plane frame 
modes 
Effect on 
stringbed modes 
Hand-
grip 
Reduced fundamental frequency of each bending mode by 
5.5 %, the effect on higher bending modes depends on grip 
position relative to node lines.  
Negligible 
String 
type 
Negligible Negligible The frequency of S1 
differed by 101 Hz 
for 2 different strings 
strung at the same 
tension 
String 
tension 
Higher tension resulted in 
slight decrease (3 Hz) of 
the frequency of B1 
Negligible  10 lbs reduction in 
string tension 
reduced the 
frequency of S1 by 42 
Hz 
damper Negligible Negligible Frequency of modes 
greatly decreased and 
damping ratio 
increased, unless 
damper is located on 
a node line. 
 
$
$
 $
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Chapter(5!$
RESPONSE$OF$TENNIS$RACKETS$DURING$CONTROLLED$PLAY:$
OBJECTIVE$AND$SUBJECTIVE$ANALYSIS$
 
Chapter 3 introduced the sound of a tennis shot and the data presented indicated that the 
sound radiated comprised of a number of distinct frequency components; it was, 
however, not possible to link these frequencies to mode shapes.  Now that the dynamic 
behaviour of the tennis rackets used has been determined through the experimental 
modal analysis investigations, it should now be possible to identify the mode shapes 
responsible for radiated sound and suggest the parts of the racket that radiate sound. 
Chapter 4 also revealed the effect of changing the racket configurations (frame, string 
type, string tension and addition of stringbed damper) on the dynamic behaviour of the 
racket system.  Through an investigation involving advanced players performing 
forehands and serves under controlled conditions, the effect of these parameters on the 
mechanical and acoustical response of the racket will be examined. 
Another aim of this thesis was to understand subjective perception of impact sounds in 
tennis, which will be addressed in this chapter.  As well as recording the subjective 
perceptions of the subjects involved in the testing, the sounds will be recorded and 
analysed using a number metrics and psychometrics outlined in Chapter 2.  As discussed 
in the literature review, the current standard psychometrics are not intended for use with 
impulsive sounds therefore they will be used in conjunction with the new impulsive 
loudness metric (Boullet, 2005) and other metrics developed by the author and previous 
authors (Davies, 2005; Roberts, 2002).  Finally the subjective responses and the 
calculated metrics will be correlated in an effort to understand the parameters of the 
sound that are appealing and those that are not appealing.  
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5.1$Experimental$Design$$
Tennis players were recruited from Loughborough University’s tennis team to participate 
in the study.  The 7 tennis players (6 male, 1 female) had a mean age +/- 1 SD of 21.7 
+/- 1.5 years.  It was important that the players were of a high standard (senior county 
level) to improve the consistency in the data from shot to shot.  Each player was asked to 
hit three forehand shots and three serves with each racket.  As the main aim of this 
investigation was to identify the mechanism by which a tennis racket radiates sound, it 
was paramount that the parameters of the impacts were as controlled as possible, while 
the level to which the shots represented impacts found in a typical game of tennis was a 
secondary concern.  For this reason, both shot types were initiated by the player releasing 
the ball.  The only guidance given to the players was that they should hit the shots at a 
speed that they felt they could control and repeat three times.  A Jugs radar gun (Jugs, 
2012) was used to measure the velocity of the ball, which was later used to give an 
indication of repeatability between the shots.    If for any reason a player felt that a shot 
wasn’t cleanly struck or different in terms of speed or impact location to the previous 
shots, that particular shot was repeated.  
 
Fig 5.1 – Experimental setup inside the anechoic chamber.  The netting frame did not inhibit the swing 
of the subject even during the serving motion 
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The test was conducted within an anechoic chamber (AC).  The double shell of the AC 
meant that it was acoustically isolated which guaranteed low background noise levels 
(circa 10 dB) and glass-fibre wedges on the walls, floor and ceiling provided sound 
absorption at frequencies above 100 Hz, therefore creating a free-field condition.  Within 
the AC, a metal frame was erected that allowed a net to be hung around the player to 
protect the walls of the room (Fig 5.1). The height of the frame was great enough to 
allow all players to perform a serve without any restrictions.  A target was also attached 
to the netting for the players to aim at. 
The distance between the impact location and the protective netting was 4 metres.  Using 
this distance the time between the sound of the impact with the racket and the impact 
with the netting can be calculated.  This is important as; if two impulsive sounds are 
close to each other then the second sound can mask the sound of the initial sound (Fastl, 
1979).  Initial testing revealed that the velocity of typical forehand shots and serves were 
circa 25 and 35 ms-1 respectively, this suggests that the time between the two impacts 
would be 0.16 and 0.11 seconds for a forehand and serve respectively.  The data 
presented in Chapter 3 indicates that the sound from a typical impact can take as long as 
0.1 seconds to decay fully to pre impact background levels which implies that sound 
from the impact between the ball and the racket should have sufficient time to decay 
fully before the impact with the netting. 
The number of rackets used in the study was largely influenced by time and equipment 
constraints; during preliminary testing it was found that a maximum of five racket 
configurations could be tested in one hour.  The test was kept to maximum of one hour, 
as it was important that the subject did not experience fatigue or boredom that could 
have reduced the validity of the results.  There were many possible racket configurations 
comprising of different strings, tensions, frames and dampers that could have been 
tested.  For this investigation, it was decided to test three configurations of the AF7, two 
with different strings and one with the addition of a damper.  All were strung at a tension 
of 55 lbs as modal analysis data for all three of these setups were available from Chapter 
4.  A Babolat racket (Drive Z110) was selected due to its similar properties in terms of 
headsize and weight to the AF7 and is aimed towards the same type of player, it had also 
been suggested by engineers at HEAD that this racket has a superior sound quality 
compared to the AF7.  Finally, a HEAD Radical Pro racket that is normally used by 
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high-level players was included in the test.  Table 5.1 details the exact configurations of 
the rackets. 
Table 5.1 – Rackets Configurations  
Racket 
Configuration 
number 
Frame String 
String                     
Tension 
(N (lbs.)) 
Vibration 
Damper 
Unstrung 
mass (g) 
Headsize 
(cm2) 
Modal 
Data 
1 Babolat 
Drive Z110 Sonic Pro 245 (55) N 255 710 N 
2 HEAD 
AirFlow 7 
RIP 
Control 245 (55) N 228 740 Y 
3 HEAD 
AirFlow 7 Sonic Pro 245 (55) N 228 740 Y 
4 HEAD 
AirFlow 7 Sonic Pro 245 (55) Y 228 740 Y 
5 HEAD 
Radical Pro Sonic Pro 245 (55) N 315 645 N 
Before the testing began, the Ethical Advisory Committee approved the methodology 
and after the players were given a brief overview of the testing they signed a consent 
form stating their willingness to participate.  
5.2$Measurement$of$Objective$Data$
The vibrations of the racket frames were measured using Brüel & Kjær miniature charge 
accelerometers type 4517-C.  These piezoelectric shear accelerometers with side 
connectors were chosen because of their low mass (0.6 g), which ensured they had 
minimal effect on the dynamic behaviour of the racket.  Two accelerometers were 
mounted on each racket using superglue.  One was located on the throat of the racket to 
record vibrations normal to the string plane (out-of-plane) while the other accelerometer 
was secured to the side of the racket so that it would capture vibrations parallel to the 
string plane (in-plane) (Fig 5.2).  The accelerometers were connected to the data 
acquisition system via cabling running from the racket, down the back of the players’ 
hand and arm and then down their back using a combination of sweatband and clips as 
shown in Fig 5.2.  This method of wiring was found to be relatively unintrusive as the 
player was able to swing the racket normally without any restrictions.  
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Fig 5.2 – a) Accelerometer locations (highlighted red and white circles) and b) cables from transducer 
attached to the subject in a non-invasive manner 
As the recorded sounds were to be analysed with psychometrics it was desirable that the 
recordings accurately represented the sound that the player heard.  During chapter 3 the 
acoustic response of the racket was recorded using a single calibrated sound level meter, 
while this is an acceptable method it does not provide a true representation of the sound 
that a human would hear as the head and body affect the sound field and the sound 
entering each ear will usually be different.  Therefore, to investigate the true sound heard 
by a person, a head and torso simulator (HATS) was used to record sound pressures 
simultaneously with the accelerometer data.  A commercially available Head Acoustics 
HATS (HSU III) with two condenser microphones located in the artificial ear canals was 
used to record the sound that a spectator would hear standing directly opposite the 
player at a distance of 2 m (Fig 5.3a).  The geometry of the HATS uses a mathematical 
representation of a human’s head and shoulder dimensions and so therefore distorts the 
sound field to the similar extent a human would, this ensured aurally accurate recordings 
that also contained spatial hearing cues (Feng et al, 1998). 
 
a) b) 
 103 
 
 
Fig 5.3 – a) Schematic illustration of AC setup and b) HATS in the AC 
Two acquisition systems were used during this period of testing.  Smart Office software 
controlling National Instrument hardware captured the data from the frame-mounted 
accelerometers.  This data was sampled at a frequency of 25600 Hz for 0.08 seconds 
including 0.01 seconds pre-trigger; the data presented in Chapter 3 suggested these 
settings would capture all frequencies concerned and the majority of the time signal, 
although the vibrations may not have fully decayed to background levels.  Increasing the 
sample length was trialled however it was found that this created file sizes that 
significantly increased the time taken for the computer to save the data, this would have 
resulted in the total time of the test exceeding one hour so was therefore not used.  The 
HATS system was controlled via a laptop with an integrated recording software that was 
more efficient at saving and processing data, this meant that the sample time and 
sampling frequency could be much greater without compromising the total time for each 
trial.  Therefore a sampling rate of 44196 Hz was used over a duration of 1.2 seconds 
including a 0.2 seconds pre-trigger, which was internally triggered.  
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5.3$Measurement$of$Subjective$Data$
From research into factors affecting the perception of tennis players (Davies, 2005), the 
following characteristics were chosen to form a questionnaire. The vocabulary used in 
the questionnaire replicated terms and phrases used by players of an advanced standard. 
a) Pitch of impact sound  
b) Duration of sound 
c) Loudness perception  
d) Appeal of sound 
e) Vibration of racket  
f) Flexibility 
g) Weight 
h) Comfort 
After each player completed the required shots with a racket, they were instructed to fill 
out the questionnaire according to their perception of the racket, offering a rating from 1 
to 5, for example from 1 = quiet to 5 = loud.  As discussed in the literature review, there 
are other methods of quantifying subjective perceptions however this method was 
chosen as players found it simple to understand it and it did not increase the total test 
time by more than a few minutes.  A paired comparison for example approach would 
have taken significantly longer as each racket would have needed to be tested multiple 
times. 
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5.4$Analysis$of$Objective$Data$
5.4.1$Identification$of$mode$shapes$excited$by$a$ball$impact$
A crucial stage to understanding the racket as a sound source was to explore the 
correlations between the frequency content of the radiated sound, the frame vibrations 
measured from an impact and the modal data.  The first stage was to identify the modes 
excited during the impacts, for this only the frame vibrations were examined.  The 
acoustic data was analysed later to distinguish which modes were responsible for 
radiating the sound of the impact.   
The acquired data from the forehand impacts with the AF7 strung with RIP Control 
string at 55 lbs was transformed into the frequency domain using a Fast Fourier 
Transform and subsequently averaged across the 21 impacts so that the mean frequency 
content of each accelerometer could be compared with the FRFs from the modal 
analysis.  The frequencies excited during the shot were then attributed to discrete mode 
shapes.  Fig 5.7 provides a visual comparison of the player impact data with the hand-
held FRFs. 
 
Fig 5.7 – Comparison of sum of FRFs and mean frequency content of racket frame vibrations during 21 
forehand shots in the a) in-plane and b) out-of-plane direction (FRF taken from impact on stringbed).  
AF7 RIP Control 55 lbs. 
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The natural frequencies of the racket excited during the impacts are a combination of 
bending, in-plane and out-of-plane, hoop modes and also stringbed modes.  The 
frequency of S1 was especially prominent in the out-of-plane measurement.  Although 
vibrations were detected by the in-plane accelerometer from a tennis impact, comparison 
of the frequencies suggests that neither of the first two in-plane modes are excited by a 
ball impact.  This could be due to the impact being predominantly flat as the player was 
instructed hit the shots with minimal spin.  Interestingly the frequency of B1 and B2 
were lower during the hand-held impacts than the hand held modal analysis testing.   
5.4.2$Identification$of$acoustic$modes$
The aim of this section was to investigate and report the natural frequencies and mode 
shapes of a tennis racket responsible for radiating sound.  It is already known, from data 
presented in Chapter 3, that the sound resulting from a tennis shot lasts considerably 
longer than the 5 ms that the ball is in contact with the stringbed.  For this reason the 
radiated sound was investigated during the contact phase and after the ball had left the 
stringbed.  Frequency spectra were used to correlate the measured frequencies in the 
acoustic data with the natural frequencies calculated by the experimental modal analysis 
and spectrograms were used to analyse the frequency content of the signals with respect 
to time.   
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Fig 5.8 – In-plane and out-of plane FRFs with mean frequency spectra calculated from 21 forehand 
drives with the AF7 with RIP Control strings.  Out-of-plane, In-plane and Stringbed modes identified 
with green, purple and black annotations respectively 
Chapter 3 identified a correlation between the frequencies of sound radiated from an 
impact and the mechanical vibrations excited in the frame, with the modal analysis data it 
was now possible to identify discrete mode shapes responsible for radiating the sound.  
In order to adequately illustrate the frequencies of all mode shapes below 2000 Hz, Fig 
5.8 shows three FRFs from a hand-held racket.  The black and green lines represent out-
of-plane responses excited with impacts on the stringbed and frame respectively.  The 
purple line illustrates the sum of the in-plane FRFs.  Where a peak in the acoustic data 
occurs at the same frequency as a known mode shape it is assumed that that particular 
mode shape is responsible for the radiating sound at that frequency.   
The data shown in Fig 5.8 suggests that the bending and torsional modes of the racket 
do not radiate sound during an impact particularly when compared with the stringbed 
modes such as S1.  In addition modes H1 and H3 correlate with peaks in the acoustic 
data, indicating that hoop modes are also responsible for radiating sound.  This data 
supports the findings presented in Chapter 3, which suggested that the broadband initial 
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impulsive sound has the ability to mask the ringing components.  Fig 5.9 uses a spectrogram 
illustration to analyse the frequency content of the acoustic signal with respect to time. 
 
 
Fig 5.9 – Hand-held FRFs (top) with mean spectrogram from forehand impacts (bottom) 
Fig 5.9 shows the mode shapes of the AF7 responsible for radiating sound from 
forehand shots, the features of this figure will be discussed along with corresponding 
figure illustrating data captured from the serves (Fig 5.10 & 5.11).    
 
 
 
 
 
Pressure dB (A)  
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Fig 5.10 - In-plane and out-of plane FRFs with mean frequency spectra calculated from 21 serves with 
the AF7 with RIP Control strings.  Out-of-plane, In-plane and Stringbed modes identified with green, 
purple and black annotations respectively 
 
Fig 5.11 – Hand-held FRFs (top) with mean spectrogram from service impacts (bottom) 
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These figures illustrate two different sections to the sound; the initial impulsive sound 
that decays shortly after the impact (responsible for the high energy around 0.1 s in Fig 
5.9 & 5.11) and the ringing component.  The secondary horizontal line in the 
spectrograms is due to the ball hitting the protective netting, the time between the impact 
with the racket and the impact with the netting is far greater for the forehand shots (Fig 
5.9) than the serves (Fig 5.11).   
Although it appears that the initial sound is largely broadband noise, there are a few areas 
of high intensity indicating greater amplitude of sound.  For the forehand shots, these are 
most notably at 250 Hz, 850 Hz, 1250 Hz and 1600 Hz, only two of these peaks 
correlate with a racket mode are the peaks at 850 Hz and 1600 Hz, these correspond 
with the frequencies of the first and third hoop mode (H1 & H3).  It is thought that the 
ball could be responsible for the frequency components that can’t be attributed to frame 
modes.  
One of the most notable features of the spectrograms in (Fig 5.9 & 5.11) is the duration 
of the peak at the frequency of S1 relative to other peaks.  This is the first time that the 
first stringbed mode has been attributed to such a dominant feature in the sound radiated 
during a tennis shot.  Given the fact that humans perceive longer impulsive sounds as 
being louder, the contribution of S1 to the perception of the sound is predicted to be 
significant 
5.4.3$Effect$of$racket$configuration$
This section will begin to examine the effect of changing the strings, frame and adding a 
stringbed damper on the vibrations recorded in the frame and the resultant sound 
radiated from that racket.  Spectrograms have been shown to provide good visualisations 
as they display both temporal and frequency content over time however it is difficult to 
quantitatively analyse signals using spectrograms.  Therefore the analysis of the objective 
data has been divided into 2 sections; qualitative analysis and quantitative analysis.  
Spectrograms will be used extensively in the qualitative analysis where as the quantitative 
analysis will include different metrics that are more appropriate for statistical analysis.    
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The experimental design ensured that the effect of changing one variable could be 
investigated by analysing and comparing the data recorded from the modified racket with 
data from the control racket.  Five AF7 rackets were available for the research study and 
through static and dynamic behaviour analysis it was found that 3 out of the 5 could be 
considered nominally identical (within +/- 1 % difference in mass and unstrung natural 
frequencies).  Using the AF7 with Sonic pro strings without a stringbed damper as the 
control racket, the effect of changing racket frame, string type and also the effect of 
inserting a damper in the stringbed of a racket was investigated.  It was first important to 
determine if the use of multiple subjects resulted in significant differences in the 
recorded trials.  After the data was assumed to be normally distributed, using a Shapiro-
Wilk test (p>0.05), a one-way repeated measures ANOVA was used to test the effect of 
multiple factors (racket configuration, subject, shot type and trial) on the mean SPL 
dB(A).  The SPL dB(A) was calculated over the first 0.25 seconds, although this length of 
data included the sound of the ball impacting the net it was considered relatively small 
compared to the sound of the impact between the ball and the racket.  The resultant 
ANOVA table is documented below in Table 5.3. 
Table 5.3 – ANOVA table showing the level of significance between conditions 
 
The ANOVA (Table 5.3) suggests that there is a significant difference (P<0.05) in the 
SPL dB(A) for the type of shot but there is not a significant difference caused by racket 
configuration, subject or trial number.  This indicates that the subjects were consistent 
compared to one another and also that each subject was consistent throughout the study.  
Interestingly the correlation of ball velocity and SPL dB(A) was different between 
forehand shots and serves as Fig 5.12 shows.  The mean velocity of the forehand shots 
was 21.54 ms-1 with a standard deviation of 3.07 ms-1 where as the velocity of the serve 
was 37.03 ms-1 with a standard deviation of 2.91 ms-1.  The Pearson correlation 
coefficient between the two parameters was 0.64 and 0.69 for the serve and forehand 
shots respectively.  Fitting a linear line of best contributed to the understanding the 
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relationship with both lines having similar gradients but the line representing the serves 
crossed the x-axis 4 dB lower than the equivalent line for the forehands.  One possible 
explanation of this finding could be that due to the location of the impact during the 
serve typically being higher as well as closer the centre line of the body than the 
forehand, the distance between the impact location and the microphones was greater for 
the serves than the forehands.  As a result of the differences between serves and 
forehands it was decided to analyse the two shots independently. 
 
Fig 5.12 – Correlation between Ball velocity and SPL dB(A) 
 
 
5.4.3.1%Effect%of%Changing%String%Type%
The following figures (Fig 5.13 & 5.14) detail the frequency response of the 
accelerometers, over the entire 0.08 s length of data, and the frequency content of the 
acoustic signal over time.  Although two separate frames were used (strung with different 
strings at the same tension 55 lbs (245 N)) they were judged to be nominally identical by 
past investigations and the accelerometers were positioned in identical locations. 
y=0.63x+43.1 
y=0.65x+47.1 
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Fig 5.13 – Mean frequency response from the accelerometers (top) and mean spectrogram calculated from 
the left ear (bottom) from 21 serves with AF7 (RIP Control strings) 
 
Fig 5.14 – Mean frequency response from the accelerometers (top) and mean spectrogram calculated from 
the left ear (bottom) from 21 serves with AF7 (Sonic Pro strings) 
 
Figs 5.13 and 5.14 illustrate that the accelerometers recorded similar vibrations in terms 
of both frequency and amplitude.  As supported by the modal analysis results presented 
in Chapter 4, the first stringbed mode (S1) for the racket with RIP Control strings is 
roughly 100 Hz higher than the equivalent mode of the racket with Sonic Pro strings.  
Although the mechanical vibrations are similar the spectrograms illustrating how the 
frequency content of the radiated sound evolves over time show some differences.  In 
Pressure dB (A)  
Pressure dB (A)  
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both spectrograms there is a concentration of acoustic pressure at the frequency of S1 
that continues in the time domain.  From the illustration it appears that the racket with 
Sonic Pro strings radiates sound at the frequency of S1 longer than that of the same 
racket with RIP Control strings, this will be analysed further in the quantitative analysis 
section using signal processing algorithms.   
The spectrogram in Fig 5.13 appears to show that only one frequency (S1) continues to 
be radiated after the majority of the sound had reduced to pre-impact levels, however the 
corresponding spectrogram in Fig 5.14 shows three clear frequency components that 
continue into the time domain.  The first, at 560 Hz, is due to S1 while the next covers a 
frequency range that includes both S2 and S3.  The third peak at around 1120 Hz was 
harder to associate to a particular mode, but after further analysis, including looking at 
the spectrum of the audio signals where the frequency resolution was greater, it was 
discovered that this third component was at a frequency exactly twice that of S1.  
 
%
%
%
%
%
%
%
%
 
 
 115 
 
5.4.3.2%Effect%of%Adding%a%Stringbed%Damper%%
The same approach was implemented to investigate the effect of adding a stringbed 
damper to the AF7 with Sonic Pro strings strung at 55 lbs. (245 N).  
 
Fig 5.15 – Mean frequency response from the accelerometers (top) and mean spectrogram calculated from 
the left ear (bottom) from 21 serves with AF7 (Sonic Pro strings) 
 
Fig 5.16 – Mean frequency response from the accelerometers (top) and mean spectrogram calculated from 
the left ear (bottom) from 21 serves with AF7 (Sonic Pro strings with damper) 
The modal analysis data in Chapter 4 suggested that the addition of a stringbed damper 
had a negligible effect on the dynamic behaviour of the frame but altered those of the 
stringbed by reducing the frequency and increasing damping of certain modes, S1 and S2 
Pressure dB (A)  
Pressure dB (A)  
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in particular.  Fig 5.16 supports this, as B1 and T1 were both clearly visible in the 
vibrations measured from both conditions, however neither of these modes appear to 
radiate sound.   
S1 can clearly be seen in the vibration and acoustic measurements from the racket 
without the damper, however, with the damper added to the stringbed there is a peak at a 
frequency slightly higher than that of the original S1 in the vibration data but there is no 
trace of the same frequency in the acoustic data.  The data from the experimental modal 
analysis indicates that this smaller peak above the original frequency of S1 is likely to be 
S2 which has been reduced due to the damping and mass properties of the damper. 
The two spectrograms in Fig 5.15 and 5.16, suggest that the initial sound from the 
damped and undamped AF7s was very similar.  However, with the addition of a damper 
the acoustic signals appears to have almost completely decayed before the ball hits the 
net at the end of the room.  The only frequency that continues to be present after the 
majority of the sound has decayed to pre-impact levels can be attributed to S3.  The 
modal analysis data supports this finding; as the damper is located on the node line of S3 
and, therefore, has little effect on the modal characteristics of S3.  
%
%
%
%
%
%
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5.4.3.3%Effect%of%Changing%the%Frame%
In this section the differences between an AF7 and a Radical Pro were investigated, both 
rackets were strung with Sonic Pro strings using the same tension (55 lbs. (245 N)).   
 
Fig 5.17 – Mean frequency response from the accelerometers (top) and mean spectrogram calculated from 
the left ear (bottom) from 21 Serves with the Radical (Sonic Pro strings) 
 
Fig 5.18 – Mean frequency response from the accelerometers (top) and mean spectrogram calculated from 
the left ear (bottom) from 21 serves with the AF7 (Sonic Pro strings) 
Figs 5.17 and 5.18 show that B1 and T1 were excited and measured from both racket by 
accelerometers but neither of these modes appear to be able to radiate sound efficiently.  
Pressure dB (A)  
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As was the case for the AF7 racket, the frequency of S1 was measured through the frame 
mounted accelerometers as well as being clearly present in the acoustic data.  This 
suggests that the AF7 is not the only racket to radiate sound sourced from the first 
stringbed mode.  The frequency of S1 in the Radical racket was slightly higher (value) 
than the frequency of S1 in the AF7 even though both rackets were strung with the same 
string at the same tension; this was due to the Radical having a smaller stringbed surface 
area. 
5.4.4$Psychoacoustic$Analysis$
The previous section primarily used frequency plots and spectrograms to illustrate 
differences found in vibrations and acoustic signals measured from different racket 
configurations.  During the review of literature in Chapter 2, metrics were discussed in 
detail and it was evident that certain metrics were more suited for impulsive sounds than 
others. It will now be investigated if differences can be explored using this range of 
metrics and psychometrics.   
1. SPL dB(A)  
2. Moore’s Loudness (ANSI S3.4 2007) 
3. Time varying loudness model (Glasberg and Moore, 2002)  
4. LMIS impulsive loudness (Boullet, 2005) 
5. Aures sharpness  
6. Decay ms  
7. Decay of S1  
The first 6 metrics are calculated using standardised methods outlined in Chapter 2, the 
final metric is a calculation that have been developed by the author.  The decay of the 
total signal was calculated in same way as the decay of stringbed vibrations were defined 
in Chapter 4; by fitting an exponential decay curve to the absolute values of the sound 
pressure.  The decay rate of the curve is represented by the time constant, t, which is the 
time taken for the signal to decay to 1/e of its initial or maximum value.   
The spectrograms provided results that suggested there are significant differences 
between racket configurations in terms of the decay of the sound signal associated with 
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the fundamental mode of the stringbed (S1), to investigate these trends further the data 
needed to be converted from a graphical form to numbers that could be easily compared 
between configurations.  The first approach was to use a Butterworth bandpass filter to 
remove all content apart from the frequency of S1, however it was found that the 
resultant signal did not decay exponentially so fitting a standard exponential decay curve 
was not appropriate.  A subsequent approach was to use the data calculated for the 
spectrograms diagrams, the frequency band, which included the frequency of S1 was 
extracted from this data and plotted against time (Fig 5.19).  A MATLAB script was then 
coded which calculated the maximum and the point at which the signal decayed by 25 
dB, the time taken for the signal to decay by 25 dB was taken as a representation of the 
duration of S1.  A reduction in level of 25 dB was chosen as the range as it has been used 
before by Davies (2005) to measure the duration of an impact sound. 
 
 
Fig 5.19 – Example of spectrogram from 21 impacts (top panel) and the extracted data illustrating the 
decay of S1 (bottom panel) 
Pressure dB (A)  
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Table 5.4 – Calculated sound metrics and psychoacoustics 
 Shot type SPL dB(A) 
Decay 
(ms) 
Decay of 
S1          
(-25 dB) 
Moore’s 
Loudness 
(Sones) 
Time 
varying 
loudness 
(Sones) 
LMIS 
Impulsive 
loudness 
(Sones) 
Sharpness 
(Acum) 
Drive 110 
Sonic pro 
Serve 73.82 8.84 0.1402 48.34 44.77 15.45 1.77 
Forehand 71.35 5.85 0.1562 38.24 34.74 12.20 1.95 
AF7 
RIP Control 
Serve 73.89 9.17 0.1510 47.73 44.06 16.00 1.92 
Forehand 72.94 6.06 0.2303 40.52 36.45 13.01 1.98 
AF7 
Sonic Pro 
Serve 75.08 12.75 0.1988 51.34 47.41 16.61 1.88 
Forehand 73.48 8.63 0.2672 42.73 38.21 13.46 2.02 
AF7 
Sonic Pro 
with damper 
Serve 74.27 9.57 NA 49.80 45.63 15.23 1.84 
Forehand 72.46 6.11 NA 41.05 37.08 12.51 1.92 
Radical 
Sonic Pro 
Serve 73.98 9.39 0.1102 47.51 43.91 15.34 1.65 
Forehand 71.93 7.39 0.1305 37.31 33.91 12.13 1.72 
The frequency component of S1 in the acoustic signal recorded from a forehand with the 
AF7 with Sonic Pro strings took 0.26 seconds to decay by 25 dB where as with RIP 
Control strings S1 took only 0.18 seconds to decay by the same amount.  The same 
algorithm calculated that the acoustic signal from a serve with the Radical took 0.11 
seconds to decay 25 dB where as the equivalent signal from the AF7 took 0.19 seconds 
to decay.   As the algorithm calculated the decay time directly from mean spectrograms, 
only one value was acquired for each racket / shot type.  This meant that the consistency 
or spread of the data could not be analysed with statistical methods. 
All other metrics were calculated on a shot by shot basis meaning that the differences in 
the racket configurations could be analysed statistically.  Having established that the data 
sets were normally distributed using a Shapiro-Wilk test, a one-way repeated measures 
ANOVA was used to determine if there were significant differences (p≤0.05) between 
conditions for the remaining six metrics.  The ANOVA was only capable of determining 
if there was a difference not where the difference occurred, for this a Tukey-Kramer 
post-hoc test was performed.   A graph was plotted for each parameter (Figs 5.20 – 5.25), 
which illustrated the mean plus and minus a comparison interval.  Two means can be 
considered significantly if their comparison intervals do not over lap.   
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SPL (dB(A)) 
 
Fig 5.20 – Mean +/- one Gabriel comparison interval for SPL dB(A).  
 
 
Loudness (Sone) 
 
Fig 5.21 – Mean +/- one Gabriel comparison interval for Moore’s Loudness.  
 
 
Loudness (Sone) 
 
Fig 5.22 – Mean +/- one Gabriel comparison interval for the time varying loudness model.   
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Loudness (Sones) 
 
Fig 5.23 – Mean +/- one Gabriel comparison interval for the LMIS impulsive loudness model.  
 
 
Time constant of Decay (ms) 
 
Fig 5.24 – Mean +/- one Gabriel comparison interval for decay rate (time constant).   
 
Sharpness (Acum) 
 
Fig 5.25 – Mean +/- one Gabriel comparison interval for sharpness.   
Figs 5.20-5.25 illustrate which racket configurations were significantly different for 6 
different metrics.  In terms of the SPL dB(A), there was no significant difference 
recorded between any of the 5 configurations, however the loudness models did predict 
that certain racket configurations were significantly louder than others.   Moore’s original 
Loudness model and his subsequent time-varying loudness model suggested that the AF7 
Sonic Pro racket radiated a louder acoustic signal that that from the Radical Sonic Pro.  
The LMIS impulsive loudness model (Boulet, 2006) similarly suggested that the AF7 
Babolat 110 
AF7 RIP Control 
AF7 Sonic Pro 
AF7 Sonic Pro with damper 
Radical 
Babolat 110 
AF7 RIP Control 
AF7 Sonic Pro 
AF7 Sonic Pro with damper 
Radical 
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Radical 
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Sonic Pro radiated the loudness sound but this time the comparison intervals show that 
the mean from that racket configuration was significantly greater than three rackets 
(Babolat Z110, AF7 Sonic Pro with damper and Radical Sonic Pro).  Fig 5.24 suggests 
that the decay ratio of the acoustic signal radiated from the AF7 Sonic Pro was 
significantly greater than all other racket configurations, indicating that the sound 
radiated from the AF7 Sonic Pro took significantly longer to decay than all other 
configurations.  The final comparison figure (Fig 5.25) indicates that the Radical Sonic 
Pro racket had a sharpness value significantly lower than all other racket configurations.   
5.5$Analysis$of$Subjective$Data$
Once all the subjective data had been collated into an appropriate format that could be 
analysed with MATLAB, the first stage was to investigate if there were any relationships 
between the ‘feel’ characteristics.  The chosen method was to calculate the Pearson 
correlation coefficient between the subjective characteristics.  The coefficient ranged 
from +1 to -1 with +1 indicating a perfect positive correlation, -1 a perfect negative 
correlation and 0 indicating zero correlation.   
Initially the raw data from the individual tennis players was analysed and processed, 
however, it soon became clear that it was not viable to compare two players’ ratings as all 
the players chose their own reference level and used differing ranges on the scale.  For 
example, two players could have experienced a sensation that they perceived differently 
but rated it with the same score due to the ratings they had previously assigned to other 
rackets.  To overcome this problem, the data was standardized by the same method used 
by Roberts (2002) and Barras (2006).  The mean and standard deviation of the ratings 
given by each player for each characteristic were calculated; the individual ratings were 
then standardised by subtracting the mean from the original rating and then the result 
was divided by the standard deviation.  This resulted in each feel characteristic for each 
player having a mean of zero and a standard deviation of one 
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Fig 5.26 - Standardised test subject ratings for subjective characteristics 
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Table 5.5 – Mean ± S.D. standardised player ratings (SD shown in italics) 
 Loudness Appeal Vibration Flexibility Weight Comfort 
Babolat 
Z110 
0.107   
0.75 
0.007 
0.86 
0.028   
0.72 
0.288   
0.60 
0.575  
0.82 
0.366  
0.71 
AF7 RIP 
Control 
0.389   
0.57 
-0.619  
0.99 
0.109   
0.88 
0.338   
0.41 
-0.764  
0.41 
-0.144  
0.73 
AF7 Sonic 
Pro 
0.567   
0.99 
-0.752 
0.61 
0.787   
0.60 
0.162   
0.82 
-0.450  
0.41 
-0.923  
0.32 
AF7 Sonic 
Pro with 
damper 
-1.056  
0.49 
0.424  
0.88 
-0.659  
0.42 
0.512   
0.28 
-0.487  
0.39 
0.005   
1.21 
Radical -0.300  0.98 
0.839   
0.41 
0.142   
1.09 
-0.239  
1.17 
1.438  
0.55 
0.519  
1.19 
Fig 5.26 illustrates the standardised ratings of each subject for every subjective 
characteristic and racket. Table 5.5 shows means and standard deviations of those, the 
reason for the large standard deviations is the variations in inter-subject choices, as is 
visible in Fig 5.26.  
5.6$Comparison$between$objective$and$subjective$analysis$
Although the objective measurements can be analysed on a shot by shot basis, the 
subjective data was collected after each player had completed their six shots (three serves 
and three forehands).  It is assumed that the player based his response to the 
questionnaire on the different sensations and perceptions felt throughout all six shots, 
giving in effect an ‘average’ rating.  Therefore the standardised subjective responses were 
correlated with the mean objective metrics, the Pearson correlation coefficients are 
displayed in Table 5.6 with significant correlations in italics.  Of the three loudness 
metrics, the impulsive model (LMIS) is the only one that provided a significant 
correlation with the subjective rating of loudness.  The LMIS model was also found to 
have a significant negative correlation with the appeal of the sound 
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Table 5.6 - Pearson correlation coefficients for each standardised subjective characteristics with the metric 
and psychometrics 
 SPL 
dB(A) 
Decay Decay 
S1 
Moore’s 
Loudness  
TVL LMIS Aures 
Sharpness 
Loudness 0.252 0.424 0.981 0.084 0.185 0.821 0.348 
Appeal -0.448 -0.525 -0.684 -0.435 -0.481 -0.879 -0.844 
Vibration 0.535 0.691 0.942 0.293 0.392 0.837 0.104 
Flexibility 0.015 -0.102 -0.359 0.323 0.263 -0.009 0.723 
Weight -0.384 -0.327 -0.012 -0.501 -0.458 -0.508 -0.265 
Comfort -0.875 -0.884 -0.451 -0.826 0.342 -0.893 -0.742 
Coefficients that statistically significant at the 0.05 level are shown in italics 
 
5.7$Conclusions$
One of the main objectives of this chapter was to build on the knowledge gained from 
Chapters 3 and 4 by designing an experiment that enabled the identification of the modes 
of the tennis racket responsible for radiating the measured sound frequencies.  Using 
racket configurations identical to those which had been used in the modal analysis 
experiments, it became evident that the first stringbed mode (S1) was responsible for a 
large proportion of the sound especially after the initial impulsive element of the sound 
had decayed.  Other modes, such as the bending and torsional modes were shown to be 
excited due to the contact time but were not found to contribute greatly to the acoustic 
signature of the racket.   
Chapter 4 detailed the effect of the damper on the dynamic behaviour of the racket and 
the results from the actual impacts suggest that the damper has a similar effect to the 
mechanical vibrations and radiated sound.  With a damper inserted in the stringbed of 
the racket, the recorded sound no longer contained a frequency component that decayed 
slowly like S1.  This reinforced the findings from the experimental modal analysis that 
showed that the damping of the stringbed mode around the frequency of S1 was greatly 
increased with the addition of a damper. 
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Although all rackets (without a damper) exhibited similar profiles in terms of frequency 
and time envelope, there were subtle differences, which were investigated further with 
metrics.  Statistics showed that all shots had the similar sound pressure levels (dB(A)) 
however the loudness models, particularly the time varying and LMIS models, calculated 
that the sound from the AF7 with Sonic Pro strings was significantly louder than the 
other rackets tested.  Interestingly this racket was also the only racket with a significantly 
longer decay time.  At this stage it is not known why a certain racket string configuration 
should result in longer decay times than others. 
The subjective results are from a limited subject pool (7 players) however the results 
from the questionnaire suggest that there is a significant negative correlation between 
appeal and perceived loudness of a racket.  This indicates that a racket that is ‘quieter’ is 
more appealing to the player than a ‘louder’ racket.  The subjective appeal of a racket was 
also found to significantly correlate with the impulsive loudness metric devised by 
Boullet (2005).  In addition the correlation between the perceived loudness and the decay 
S1 was calculated to be 0.981 indicating that a longer ringing sound is perceived to louder 
and therefore it can also be suggested that it is undesirable.  
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Chapter!6$
ISOLATING$THE$SOUND$OF$A$TENNIS$RACKET$
The modal analysis of a tennis racket revealed the dynamic behaviour of a number of 
different racket configurations; using this information a number of mode shapes 
responsible for radiating sound during player impacts were identified.  One of the issues 
with analysing the sound of the tennis ball impacts was that it was hard to distinguish 
between the sound radiated from the ball and the sound radiated from the racket.  
Another limitation of the player testing was that, while having a number of subjects 
enabled a range of realistic tennis shots to be analysed, as well as the collection of 
subjective data, this also led to inconsistencies between impact trials.  In view of this, it 
was decided that an experimental protocol was needed that isolated the sound of a racket 
from the sound of the ball while also providing a capability for more repeatable impacts.  
It has been found that one of the key contributors to the sound of a tennis shot is the 
first stringbed (S1) mode and that changing the strings of the racket can have a great 
effect on the sound radiated.  At this stage it is not known why the racket, and some 
configurations in particular, are seemingly able to radiate a sound at the frequency of S1 
more so than other frequency components.   While conducting experimental modal 
analysis of tennis rackets (Chapter 4), many FRFs were captured which revealed the 
response of the structure as a function of the input force.  It is envisaged that it should 
also be possible to calculate an acoustic frequency response of a tennis racket as a 
function of the input force, where the input force resembles the impact between the ball 
and the racket stringbed.  This chapter details the development of an experimental design 
capable of accurately measuring the acoustic response of a tennis racket as a function of 
the impact force.   
As the sound radiated from S1 is a key contributor to the sound, it is predicted to effect 
the perceived quality of the sound as it has a longer duration than other frequency 
components, and for this reason it was decided to investigate the parameters that affect 
the duration of the sound from S1.  The relationship between the decay of the 
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fundamental stringbed mode in the radiated sound and the mechanical properties of the 
individual strings and the strung stringbed were explored. 
Another aim of this chapter was to investigate the consequence of aligning the first 
stringbed mode (S1) with a frame mode of vibration so that both modes have the same 
natural frequency.  It has been known since Chapter 4 that the stringbed modes are 
capable of exciting the frame and Chapter 5 added to this by showing that one of the 
most prominent frequencies measured in the frame of a racket during and after an 
impact was that of S1.  However, the effect of coinciding the frequency of S1 with the 
frequency of a frame mode on the resultant sound is not known.  The only relevant 
previous research to be conducted in this area is a conference presentation (Huber et al, 
2005); the authors measured the decay of notes played on classical guitars and found that 
notes close to the natural frequency of body modes decayed at a faster rate than notes 
“far away from resonances”. 
To summarise; the aims of this chapter are to design a test rig that is capable of exciting a 
tennis racket similarly to a regular tennis impact and to measure the impact force so that 
an acoustic frequency response function can be calculated to be used as a measure of 
radiation efficiency of the racket.  As the test rig will not radiate sound itself, it is 
intended to investigate the effect of stringbed parameters on the duration of the 
frequency component related to S1 in the radiated sound to a greater level than 
previously possible.  The effect of aligning the natural frequency of the stringbed (S1) 
with a frame natural frequency will also be investigated.   
6.1$Impact$Test$Rig$Design$
The first stage was to design a methodology for exciting the racket which closely 
matched the excitation achieved when a tennis ball impacts a racket but without radiating 
any sound itself.  As discussed in the literature review (Chapter 1) and reported in 
Chapter 4, the boundary conditions of a racket greatly influence the frequency and 
damping of the natural frequencies.  To ensure repeatability, the racket would ideally be 
‘held’ by a machine capable of replicating the boundary conditions of a player’s hand, 
however while Chapter 5 suggested the mass that would need to be added to replicate 
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the mass added by a human grip on the the racket, the hand also adds damping to the 
racket, which the mass alone cannot replicate.  Although it is foreseeable that such a 
system could be developed, it is beyond the scope of this thesis and therefore, in order 
for the racket to have boundary conditions similar to that of a human grip the racket 
must be held by a subject during the testing.   
 
The object (end effector) that the racket impacted had to be attached to a significant 
mass to ensure that it did not radiate any sound itself.  The main issue with a player 
hitting an object of great mass is that the contact time will be far greater and so the 
impact surface had to be significantly stiffer than that of a tennis ball.  Many design 
options were considered, but it was decided that the end effector should be attached to a 
freely suspended mass rather than a fixed mass.  This was because a fixed mass would 
not allow the person holding the racket to hit the through the impact as he would do with 
a ball impact and would ultimately have to hold the racket differently than when hitting a 
regular tennis shot, which could influence the dynamic behaviour of the racket.  The 
person could also hit the shot more tentatively due to fear of injury.  
6.1.1$Force$Measurement$System$
Fig 6.1 illustrates the design of the impact rig.  An iron block of mass 40 kg was 
suspended from the ceiling of the anechoic chamber via 4 I-rings.  The iron block had a 
hemisphere mounted onto one end for the subject to strike the racket against; between 
the hemisphere and the iron block was a force transducer with a dynamic range of 22 
kN, which was greater than the range needed to measure the force being imparted to the 
tennis racket.  
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Fig 6.1 – CAD generated image of the test rig and boundary conditions 
Piezoelectric force transducers are considered appropriate for dynamic applications due 
to their high stiffness and high natural frequency (PCB Piezotronics).  However, Walker et 
al (2010) suggested that the resonance of the transducer could affect measured data, 
particularly the maximum readings from the peaks, if the resonant frequency is similar to 
the frequency of the object being measured.  In summary, force transducers provide 
suitable readings if the object they are mounted on is rigidly fixed and the natural 
frequency of the transducer is significantly greater than that of the contact time.  Due to 
these statements, it was deemed necessary to explore whether other methods of 
measuring force during short-duration impacts were more appropriate than a force 
transducer. 
Another method of measuring the applied force to an object is to determine its mass and 
then measuring the acceleration of its centre of mass (COM). To measure the COM of 
the iron block there were three options: mount an accelerometer at the COM, drill a hole 
to the COM and measure the velocity of the point with a laser vibrometer or measure the 
acceleration of points either side of the COM and averaging the value to calculate the 
acceleration of the centre of mass.  The third option was the most viable and has been 
used previously to measure short duration impacts by past researchers (Walker et al, 2010; 
Steele, 2006).   
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Using accelerometers to measure the acceleration of the COM relies on the assumption 
that the mass is freely suspended and that the direction of the gravitational force acting 
on the object remains constant throughout the impact.  Due to the mass of the block 
resulting in very little motion and because the block was suspended from a single point 
1.5 meters above the block, it was assumed that the gravitational forces acting on the 
block remained constant throughout impact. 
 
Fig 6.2 - Accelerometer locations for measuring the acceleration of the COM 
To measure the acceleration of the centre of mass (COM) 6 accelerometers were 
attached to the iron block, pairs of transducers were mounted (with wax) equidistance 
either side of the lines of symmetry as illustrated in Fig 6.2.  From these measurements it 
was possible to calculate the linear and rotational accelerations for each axis using Eq. 
6.1. 
!! = ! !!! !!!!  , !! = ! !!!!!!!   
!! = ! !!! !!!!  , !! = ! !!!!!!!                                                                           [Eq. 6.1] 
!! = ! !!! !!!!  , !! = ! !!!!!!!   
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To determine the appropriateness of using the force transducer, an experiment was 
devised to use both measurement techniques simultaneously.  The iron block was 
instrumented with the accelerometers and the force transducer (Fig 6.1) and impacted 
with a tennis racket by a single player 20 times.  The signals from the 7 transducers were 
recorded through an LMS acquisition system (Test.Lab and Scadas frontend) using a 
sampling frequency of 22560 Hz and a total sample time of 0.6 s.  A pre-trigger of 0.1 s 
was used to ensure all useful data was captured.       
 
Fig 6.3 – Comparison of force values measured with the force transducer and calculated with the 6 
accelerometers.  The R-squared value indicates the correlation between the two measurement methods 
The results indicated that the force transducer provided an adequate method of 
measuring the force applied to the mass as a result of the impact between the block and 
the racket (Fig 6.3).  The reason why the force transducer was chosen for the 
measurements is because an FRF between the input force and acoustic response was 
required and this would be substantially more difficult to do with 6 channels of input 
data from accelerometers and the extra data would have required significant more time 
between each trial for the computer to process and save the extra data. 
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6.1.2$EndMEffector$Design$
Due to the mass of the block being significantly heavier than a tennis ball, the 
hemisphere that was impacted needed to be stiffer than a tennis ball to keep the contact 
time between 5 and 6 ms (typical values for a tennis shot contact time (Miller, 2006)).  
Fig 6.4 shows the two prototype end effectors. 
                                
Fig 6.4 – Design options for end effector.  (a) Half tennis ball filled with silicon and (b) machined 
aluminuim hemisphere  
The first hemisphere designed and manufactured was a half tennis ball filled with silicone 
(Fig 6.4 a) and secured to a metal base, which was tapped to allow the force transducer to 
be mounted.  After preliminary testing, the contact time from using this design was 
found to be 8.5 ms, which was considered too long as the frequency content of the input 
force to the system provided by a contact time of this length was very different to that of 
a tennis ball impacting the stringbed.  The solution was to machine a hemisphere out of 
aluminium (Fig 6.4 b); this resulted in a very stiff but yet light impact dome.  The mean 
contact time recorded with this design was 5.32 ms and therefore within the acceptable 
range.   
a) 
b) 
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6.2$Test$Rig$Validation$
The previous section described the similarities in the contact times between a tennis 
racket and a tennis ball and the impact rig with the aluminium hemisphere.  However, 
there was still a need to examine the response of the racket, both mechanically and 
acoustically, from an impact with the test rig in comparison with a traditional impact with 
a tennis ball.  To do this the racket was impacted against the block 20 times and used to 
hit a flat forehand drive 20 times.   
The racket was impacted against the metal block by a player holding the racket in a 
similar manner to how he would grip the racket for a standard flat forehand drive.  The 
mechanical response of the racket was measured using the same approach as used in 
previous studies, two light weight accelerometers were mounted on the racket frame with 
superglue.  The arrangement of the accelerometers is illustrated in Fig 6.5.    
 
Fig 6.5 – Accelerometers attached to racket frame to measure a) in-plane and b) out-of-plane vibrations 
The acoustic response of the racket was recorded using 3 sound level meters (Fig 6.6); 
the arrangement was chosen to allow future analysis of the direction in which the sound 
is radiated from the racket.  The three sound level meters; A, B and C, were positioned to 
the side, at 45 degrees and behind the impact location respectively.  The study was 
undertaken outside on a football pitch that represented a free-field environment.  As in 
previous experiments, the data was recorded using the LMS acquisition system with a 
sampling frequency of 25600 Hz for a duration of 1.6 seconds.  The investigation took 
place outside, rather than in the anechoic chamber, as it was desirable to record the 
sound from the tennis ball impacts without also recording the sound of the ball 
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impacting the netting that surrounds the inside of the anechoic chamber, as was the case 
in measurements made in the anechoic chamber (Chapter 4).  
 
Fig 6.6 – Location of single point microphones (A,B,C) 
The setup was the same for the tennis ball impacts, apart from only one microphone was 
used which was placed at the same location as microphone A in Fig 6.6.  
The following figures show a comparison between the acoustic and vibration 
measurements recorded from the impacts with the iron block and those recorded from 
the tennis ball impacts.  The mean envelopes (Fig 6.7) were calculated by performing a 
running average over 10 ms windows of the absolute time signals and then taking the 
mean envelope from the 20 measurements. 
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Fig 6.7 – Comparison of the mean frame vibration time signal envelopes from a) in-plane vibrations and 
b) out-of-plane vibrations calculated from 20 tennis ball impacts and 20 impacts with the iron block  
The force and duration of impacts against the iron block were found to be similar to 
actual impacts (Fig 6.7), although the absolute maximum of the time signals was less for 
the impact with the iron block the decay of the vibrations in both instances were very 
similar.  Fig 6.8 shows the frequency content of the signals recorded by the 
accelerometers; although there are subtle differences it shows that the majority of the 
frequencies that are excited by a tennis ball are also excited by the impact with the iron 
block. 
 
(a) 
(b) 
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Fig 6.8 – Comparison of the mean frame vibration frequency spectra for a) in-plane vibrations and b) 
out-of-plane vibrations from 20 tennis ball impacts and 20 impacts with iron block.  
 
Fig 6.9 compares the mean acoustic signal envelope measured from a tennis ball impact 
and an impact between a racket and the iron block. The frequency components of each 
signal are illustrated in Fig 6.10.  It is clear that the impact with a tennis ball radiates a 
greater maximum sound pressure; from the time signal it is visible that the impact with 
the ball results in a greater initial peak in sound pressure but then the levels are very 
similar from 0.025 seconds after the impact.  One explanation for this finding is that the 
initial impulsive sound is predominantly from the ball but the ringing component is entirely 
due to the racket.  Interestingly the frequency spectrum does not reveal any obvious peak 
that would correspond to this component; instead it appears that the average level has 
increased across all frequencies with the exception of S1 (Fig 6.10).  This suggests that it 
should be possible to investigate the sound radiated from the racket in much greater 
detailed than before as it is not being masked by the sound from the ball. 
 
 
(a) 
(b) 
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Fig 6.9 – Comparison of acoustic time signal envelopes from tennis ball impact and impact with iron 
block. 
 
Fig 6.10 – Comparison of sound pressure frequency spectra from tennis ball impact and impact with iron 
block. 
The experimental setup with the three microphones allowed the directionality of the 
sound to be investigated.  This is important to consider as if the sound radiated is 
dependent upon direction then the sound that the player hears could be different to that 
a spectator hears.   
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Fig 6.11 – Comparison of frequency content from the 3 different microphones 
Fig 6.11 shows that the frequency content recorded by the three microphones is very 
similar, especially the side and 45° microphone signals.  The frequency of the behind 
microphone is slightly different compared to the other two, the frequency of S1 is higher 
(2.4 Hz), which is thought to be due to the racket recoiling towards the microphone and 
the frequency being increased due to the Doppler effect.  The behind microphone 
appears to also have two broader peaks (circled in Fig 6.11), interestingly these peaks do 
not correlate to any out-of-plane bending modes but they are similar in frequency to H1 
and H3.  Fig 6.12 illustrates the differences in the mean spectrograms calculated from the 
three sound level meters. 
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Fig 6.12 – Waterfall diagrams from the (a) side microphone, (b) 45 deg microphone and (c) behind 
microphone 
Pressure dB(A) 
Pressure dB(A) 
Pressure dB(A) 
(a) 
(b) 
(c) 
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The mean spectrograms (Fig 6.12) compliment the mean spectra (Fig 6.11) by illustrating 
how the acoustic signal evolve over time.  It appears that the amplitude of all frequency 
components is greatest in the ‘behind’ sound level meter, especially regarding the initial 
impulsive sound (0-0.2 s).  As the measurements made by the ‘side’ microphone are 
perhaps the best representations of the sound that a player would here and because the 
‘side’ microphone was present for both the block and ball impacts, it was decided to use 
the data measured by this transducer for all future analysis of the radiated sound. 
One of the key parameters in the design brief was that the impact block had to be 
capable of measuring the force of the impact.  This was so that the acoustic response 
could be displayed as a frequency response function with the units’ pa/N.  As with all 
FRFs, this required the frequency spectrum of the acoustic signal to be divided by the 
frequency spectrum of the force signal.  Fig 6.13 a) and b) illustrates the force time signal 
and the corresponding frequency spectrum, as can be seen that the force signal has noise 
incorporated into it, this is thought to be due to the aluminium hemisphere oscillating 
after the impact with the racket.  Although this doesn’t affect the impact, as the racket 
stringbed is no longer in contact with the hemisphere, it does affect the calculated FRF.  
To limit the effect of this on the calculated FRFs a force window was applied to the 
signal post processing in MATLAB, the window forced the time signal to zero after the 
impact.  The effect of this window can be seen in Fig 6.13 c) and d). 
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Fig 6.13 – Original time signal from force transducer (a) and corresponding power spectrum (b), time 
signal with force window applied (c) and corresponding power spectrum (d) 
The force window greatly reduced the noise in the frequency of the force signal.  This 
enabled the FRF to be calculated using a MATLAB script.  The FRFs calculated from 20 
impacts with the iron block with an AF7 with Sonic Pro strings are shown in Fig 6.14. 
 
Fig 6.14 – Frequency response functions (Pa/N) calculated from 20 impacts with the AF7 with Ultra 
strings and the mean FRF (black line) 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
-100
0
100
200
300
400
500
Time s
Fo
rc
e 
N
Original Force Signal
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
-100
0
100
200
300
400
500
Time s
Fo
rc
e 
N
Windowed Force Signal
0 500 1000 1500 2000 2500 3000
10-8
10-6
10-4
10-2
100
102
Frequency Hz
Fo
rc
e 
Po
we
r S
pe
ct
ru
m
 N
2
Power spectrum from original force signal
0 500 1000 1500 2000 2500 3000
10-10
10-5
100
105
Frequency Hz
Fo
rc
e 
Po
we
r S
pe
ct
ru
m
 N
2
Power spectrum from force signal with a force exponential window
(a) 
(b) 
(c) 
(d) 
S1  
 144 
 
Fig 6.14 suggests that the general trend is that the racket is more efficient at radiating 
sounds of higher frequencies, however these frequencies are not greatly excited due to 
the contact time of circa 5 ms. The frequency of S1 appears to be in a position where the 
racket can radiate sound more efficiently than at lower frame modes and it is also at a 
low enough frequency to be sufficiently excited by a tennis ball impact.  
6.3$Effect$of$racket$configuration$on$acoustic$FRF$
Chapter 5 highlighted that the same racket strung with a different stringbed configuration 
could have a very different sound signature.  To investigate why some strings produce 
different sound signatures it is important to test a number of variables with physical 
properties that represent the range of strings currently available to consumers. 
6.3.1$Classification$of$Tennis$Strings$
The investigation into the dynamic behaviour of tennis rackets (Chapter 4) revealed that 
different strings affect the natural frequencies of the stringbed even when strung at the 
same tension.  This difference must be related to the stiffness and mass of the resulting 
stringbed, which is not a simple relationship, as stiffer strings exhibit smaller elongation 
when the racket is strung under tension and so stiffer strings would result in a stringbed 
of greater mass compared to a more flexible string of the same mass before being 
stretched.  The dynamic testing also revealed that the stringbed vibrations are capable of 
exciting vibrations in the frame and that altering the stringbed by adding a damper not 
only affected the decay time of string vibrations but also the string-induced frame 
vibrations.  Because of this, it was deemed important to investigate the mechanical 
properties of different stringbeds. 
The parameters of the individual strings that were investigated were mass and stiffness, 
the effect of these two parameters on the decay time of the stringbed was then analysed.  
The mass of the string was measured using calibrated scales with a resolution of 0.1 
grams and was represented as grams per metre.  To increase the resolution of the 
measurement, a ten metre length of string was measured so that the effective resolution 
was 0.01 g/m. 
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The stiffness of the strings was measured using an Instron machine that measured the 
change in length of the string during a series of load – unload cycles from 0 to 250 N of 
applied force. Each test comprised of 10 runs, the difference between the first cycle and 
the subsequent cycles indicates the need for pre-tensioning before stringing, as indicated 
in Fig 6.15.   
Eight strings were chosen to be subjected to the quasi-static and dynamic tests.  Five of 
these strings were multifilament strings, comparable to the HEAD RIP Control and the 
remaining three were monofilament strings, similar to the HEAD Sonic Pro. 
 
Fig 6.15 – Stiffness profiles of (a) multifilament vs. (b) Monofilament  
The stiffness was measured by calculating the average gradient of the lines representing 
the 9 cycles after the initial cycle, which exhibited signs of plastic deformation.  It is 
evident from Fig 6.16 that monofilaments are stiffer than multifilament tennis strings.   
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Fig 6.16 – Relationship between mass and stiffness of eight different strings 
 
It has been suggested that the same racket strung with different strings can be perceived 
to sound very different (Chapter 5).  Mechanical tests have revealed the differences in 
mass and stiffness of strings, and there is an obvious divide between monofilament and 
multifilament strings.  These differences confirm the modal analysis results of rackets 
with different strings.  A racket strung with RIP Control strings was found to have a 
fundamental frequency (S1) approximately 100 Hz higher than the same racket strung 
with Sonic Pro strings.  This is interesting as the Sonic Pro string is also stiffer than the 
RIP Control it could appear that the difference in mass had a greater effect on the 
natural frequency than the difference in stiffness. 
In addition to the quasi-static tests it was also decided to the measure the dynamic 
characteristics of the racket.  The stringbed vibrations have been shown to excite the 
frame of the racket at the stringbed’s natural frequency.  Therefore, one can assume that 
if the stringbed vibrates for a longer period of time then the frame will also vibrate for a 
greater period of time. 
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A square frame was constructed from steel, which was securely mounted onto a standard 
stringing machine to ensure correct tension.  It was important that the metal frame was 
massive and rigid relative to the stringbed so that the stringbed was isolated.  As well as 
using the stringing machine to tension the strings it also provided a stable base for the 
testing to be performed. A tennis ball was dropped from a height of two meters onto the 
geometric centre of the stringbed.  An impact hammer was not used as it would have 
excited the system with a different force profile.  The response and decay of the 
stringbed vibrations were measured using a single point laser vibrometer (Fig 6.17) 
 
 
Fig 6.17 – Constructed strung frame mounted onto stringing machine with laser vibrometer measuring 
vibration 
The experiment was repeated 20 times for each string.  After the data had been recorded 
it was processed using MATLAB.  The time constant was calculated in the same manner 
as in Fig 3.24 by fitting an exponential curve to the time signal.  The results are illustrated 
in Fig 6.18. 
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Fig 6.18 – Calculated time constant (ms), +/- 1 SD for 9 different strings 
The time constant of the decay of the stringbed vibrations (Fig 6.18) when strung with 
monofilaments was significantly greater than that of the multifilaments at the 99% 
confidence level.  This implies that oscillating monofilament strings take longer to decay 
than multifilament strings, which could be a reason why the sound from rackets strung 
with monofilaments has a longer ringing component than the same racket with 
multifilaments. 
From the mechanical testing of strings, it was found that monofilament polyester strings 
such as the Sonic Pro decayed at a slower rate than multifilament nylon strings like the 
RIP Control string when isolated from the frame.  Based on these results, stringbed 
configurations were determined for the investigation with the impact rig. 
6.3.2$Racket$configuration$
To examine the effect of stringbed type on the acoustic response of the racket three 
different strings were chosen that represented the properties of all the strings tested.  
Table 6.1 documents their mechanical characteristics. 
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Table 6.1 – Strings selected for study and their corresponding mass and stiffness 
String (Brand / Name) Mass (relative) Stiffness (relative) 
Head / Ultra Tour High High 
Head / RIP Control Low Low 
Pro Supex / Synthetic Gut High Low 
A string with relatively high stiffness and low mass was not identified; otherwise it would 
have been included in the study.  The rackets were strung at 3 different tensions that 
represented a low, medium and high condition (40, 50 and 60 lbs).  This created a total 
of nine different racket configurations to be tested, due to the relatively high number of 
variables it was not possible to leave the rackets for the full 24 hours after stringing to 
stabilise.  Instead, the strung rackets were left to rest for 1 hour before testing 
commenced, as previous experimental results suggested that the stringbed tension decays 
greatest in the first hour after tension.  Therefore, as the testing time was 10 – 20 
minutes it was calculated that the drop off in tension during this time would be 
negligible.   
Table 6.2 - Experimental variables 
AF7 
Tension 
40 lbs. 50 lbs. 60 lbs. 
String 
Ultra Tour X X X 
RIP Control X X X 
Synthetic Gut X X X 
All nine racket configurations (Table 6.2) were used in the experiment to build up a 
complete database of all variables.  Each racket configuration was impacted against the 
iron block 20 times and used to impact 10 tennis balls with a flat forehand drive type 
shot.  For the impact with the iron block a total of 6 channels were used (1 force 
transducer, 2 accelerometers and 3 sound level meters) this presented a lot of data, which 
needed to be organised effectively to enable effective efficient analysis.  After the 
completion of the trials the data was exported from LMS Test.Lab into Matlab data 
structures, which could then be analysed using a Matlab script.  The Matlab script was 
used to compute FRFs, waterfalls and decay rates.   
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6.3.3$Decay$Rate$Analysis$
To visually compare the data and decide on the best method of quantifying the decay of 
the time data from the microphones were represented with envelopes, this was achieved 
by plotting the absolute values and then overlaying a running average gauged by 
performing a running average (mean) over 10 ms windows. 
 
 
Fig 6.19 – Mean acoustic envelopes showing the decay profiles of 3 different strings strung at the same 
tension from 20 impacts against the iron block. 
Fig 6.19 shows the time envelopes calculated from the signals recorded by the side 
microphone from the three different strings strung at 50 lbs.  It is observable that the 
Sonic Pro string decays slowest and the RIP Control string decays fastest however there 
is a need to quantify the decay rate. 
It was evident that the signals did not decay exponentially so fitting an exponential decay 
curve to the data and quantifying the decay by calculating the log decrement was not 
appropriate.  Therefore the decay of the frequency associated with S1 was quantified by 
calculating the damping ratio (ζ %) of the peak in the FRFs.  The software calculated the 
damping ratio (Fig 6.20) by diving the bandwidth of the peak (ω2 – ω1) at -3 dB of the 
peak by twice the Eigen frequency (ωc) as denoted in Eq. 3.1.   
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Fig 6.20 – Method for calculating decay rate of single frequency (adapted from LMS theory document 
(2006)) 
 
! = !!!!!!!!!                                              [Eq. 3.1] 
 
The calculated damping ratios of the frequency component that corresponded to the S1 
mode in all channels were recorded.  Fig 6.21 illustrates the mean (+/- 1 SD) damping 
ratios for the two accelerometers and the side microphone for all nine racket 
configurations from ball impacts. 
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Fig 6.21 – Mean Damping ratio +/- 1 SD of S1 from flat forehand impacts with ball; (a) in-plane, 
(b) out-of-plane accelerometer and (c) side microphone 
Fig 6.21 shows that the damping ratio of the frequency component associated with S1 is 
greatest for the racket with Sonic Pro strings strung at a tension of 40 lbs, particularly the 
accelerometer measurements.  The synthetic gut string condition also reveals a similar 
trend as the damping ratios of both accelerometer measurements are similar for the 50 
and 60 lbs tension but increase when the tension is reduced to 40 lbs.  This trend is not 
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apparent in the RIP Control string.  The standard deviations are relatively large and often 
over lap one another, particualry in Fig 6.21c, which suggests that the results are not 
significantly different.  Fig 6.22 illustrates the data measured from impacts with the 
block. 
 
 
 
 
Fig 6.22 – Mean Damping ratio +/- 1 SD of S1 from flat forehand impacts with the block; (a) in-
plane, (b) out-of-plane accelerometer and (c) side microphone 
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The data presented in Fig 6.22 illustrates the same trends as noted in Fig 6.21 however 
the differences are larger and the standard deviations are smaller.  A multiway anova was 
used to analyse the levels of significance between conditions, table 6.3 indicates that there 
was a significant difference between different strings and tensions.  For the Sonic Pro 
and Synthetic gut string, the damping ratio is greater when the racket is strung at 40 lbs 
than when strung at 50 and 60 lbs. The damping ratio of the impacts with the RIP 
Control strings is much more consistent across all tensions.   
Table 6.3 – ANOVA table indicating the level of significance between conditions 
 
These results become much more thought-provoking when viewed along with the data 
presented in table 6.4, which shows the frequency of the first stringbed mode (S1) for 
each configuration and the frequency of the second bending mode (B2). 
Table 6.4 – Frequency of S1 and B2 for the racket configurations 
String Tension lbs. 
Natural 
Frequencies (Hz) 
B2 S1 
Sonic Pro 40 
500 
501 
50 552 
60 609 
Rip Control 40 552 
50 612 
60 676 
Synthetic 
Gut 
40 518 
50 596 
60 652 
 
The results indicated a number of interesting findings, the monofilament string produced 
the sound that radiated for the longest duration, this was perhaps predicted and fits with 
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the data from the mechanical testing of the strings.  The interesting finding was that, for 
two strings, when they were strung at 40 lbs the duration of the ringing component of 
the sound reduced greatly.  It is not known if this finding is solely related to the drop in 
tension or if there is another reason.  One possible reason could be that the frequency of 
S1 for the racket configuration Sonic Pro 40 lbs was close (within 3 dB of the peak) to 
the frequency of B2 and that this has resulted in the energy of S1 being dissipated into 
B2, which is highly damped by the hand. 
6.4$Effect$of$tuning$stringbed$frequencies$to$match$frame$frequencies$$
It was decided to investigate if the dramatic change in decay rates of the first stringbed 
mode was due to the fact that the frequency coincided with the frequency of a frame 
bending mode or if it was due to a drop in tension of the stringbed.  The AF7 was not 
suitable for this as the first stringbed mode only coincided with B2 when the tension was 
reduced to a point where any further reduction would have been unrealistic in terms of 
typical playing conditions.  Therefore, it was necessary to use a racket with a second 
bending mode higher that that of the AF7; given that the AF7 is one of the lightest and 
stiffest rackets commercially available it was not surprising that a suitable racket was not 
found.  In light of this, a new racket was designed in collaboration with HEAD by 
modifying an existing racket.  The racket chosen was the TI.S6, partly because it is 
relatively light and stiff and also because it could be easily modified at the company’s 
R&D facility in Kennelbach, Austria.  Originally the racket had a B2 frequency of 498 
Hz, it was proposed to move this mode to circa 600 Hz so that the frequency of S1 
could be below and above B2 without having to use unrealistic tensions.   
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6.4.1$Tennis$Racket$Modification$
 
Fig 6.23 – Mode shape of bending 2 (B2) and the positioning of the extra layers of carbon fibre during 
the lay up 
During the manufacturing of the racket, extra layers of the prepreg were positioned at 
the locations illustrated in Fig 6.23.  These locations were chosen as they were the areas 
of the racket that experienced greatest stress caused by the motion associated with the 
mode shape B2, therefore it was predicted that B2 would be far greater affected by the 
modification than other modes would be.  The effect of this design change resulted in 
the frequency of B2 shifting from 498 Hz to 606 Hz.  It was now possible to design an 
experiment in which the frequency of S1 could be moved above and below B2 without 
resorting to using tensions that are not frequently used by players.   
Extra layers of carbon fibre 
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$
 
Fig 6.24 – FRFs recorded from the modified racket strung at 5 different tension.  Blue line indicates B2 
frequency 
Fig 6.24 illustrates the FRFs recorded from a hand-held modified racket, measured by 
impacting the tip of the racket with an impact hammer and measuring the response with 
the out-of-plane accelerometer located on the throat of the racket (Fig 6.5).  The peak of 
the blue line represents the frequency of B2 while the other peaks represent the 
frequency of S1 when the racket was strung with a pull tension ranging from 50 lbs. to 64 
lbs.  The middle tension (57 lbs.) was found, through an iterative process, to be of almost 
identical frequency to that of B2.  The frequency of the S1 peaks move further away 
from the relatively stable peak of B2 as the tension was increased or decreased. 
The protocol of the experimental study was similar to the previous investigation, as 
outlined in section 6.3, the only difference was that it was conducted in an anechoic 
chamber (Fig 6.25) rather than outside due to adverse weather conditions.  As the 
anechoic chamber represents a free-field environment this was not considered an issue. 
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Fig 6.25 – Experimental arrangement within the anechoic chamber 
6.4.2$Results$$
 
 
 
Fig 6.26 – Decay ratios of the acoustic signal measured from the 5 configurations with the side 
microphone 
Fig 6.26 illustrates the damping ratios of the five rackets; to aid visualisation, the different 
tensions have been plotted on a frequency axis so that the peak of B2 can be overlaid.  
The 57 lbs condition is closest to the peak of B2 while the 54 and 61 lbs conditions are 
on the outer edges of the peak.  The 50 and 64 lbs conditions can be thought of as 
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completely outside the peak of B2.  As with the previous results, the highest tension has 
the lowest damping ratio, however, the lowest tension (50 lbs.) does not have a greater 
damping ratio as found in the previous study.  The general trend indicates that the 
damping ratio of S1 increases when the frequency is within the range of B2.  An 
ANOVA was used to evaluate the significance of the differences.  The ANOVA suggests 
that conditions 54, 57 and 61 lbs are significantly different compared with the 64 lbs 
condition but not the 50 lbs condition at the 95% confidence level. 
6.5$Conclusions$
A test rig was built that imitates the excitation caused by a tennis ball impact but without 
radiating any sound itself; the test rig also measured the impact force which was then 
used to calculate the radiation efficiency of the racket throughout the frequency range.  
The general trend of the acoustic FRF indicates that the racket is increasingly more 
efficient at radiating sound as the frequency increases up to circa 1 kHz where the line 
begins to plateau.  There is a distinctive peak at the frequency of S1, which appears to be 
at a frequency that the racket is suitably efficient at radiating sound and at a frequency 
that is adequately excited by the 5 ms ball impact.   
A selection of strings were subjected to standard mechanical testing to acquire their 
physical properties and their dynamic properties were also investigated, in particular the 
decay time of a stringbed strung on a rigid frame.  The eight strings comprised of two 
types of strings; three monofilament and five multifilament.  The dynamic testing of the 
strings suggested that the two types of strings have different decay properties with the 
multifilament strings decaying at a faster rate than the monofilament strings.  One 
possible explanation for this is that there is more internal friction within a vibrating 
multifilament string than a monofilament string and this could cause the energy to 
dissipate faster. 
 The experiment with the impact block presented some very interesting results.  
Although for the 50 and 60 lbs conditions there were no significant differences between 
the strings, there were significant differences when the racket was strung at 40 lbs.  The 
RIP Control strings strung at 40 lbs resulted in a slightly (though not significant) longer 
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duration of sound, where as stringing the racket with the Sonic Pro and Synthetic Gut at 
40 lbs resulted in a large reduction in the decay time of the sound associated with the 
frequency of S1.  A possible theory for this phenomenon was that the reduction in decay 
time was caused by the aligning of the first natural frequency of the strings (S1) and the 
second bending mode of the frame (B2).   
Further investigation with a racket that had been modified to increase the natural 
frequency of B2 suggested that, when the frequency of S1 is close to that of B2 then the 
signal associated with S1 decays at a greater rate, however, the results were not significant 
and further work maybe required before a definitive relationship is established. 
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Chapter(7!$
DISCUSSION$AND$FURTHER$WORK$
7.1$Introduction$
This chapter discusses how the work presented in the thesis can be used by engineers to 
redesign a tennis racket to have superior sound quality.  Using Pederson and Fog’s (1998) 
product sound wheel (Fig 7.1) as a base model for the redesign process, the worth of the 
work completed to date is evaluated and areas where knowledge is still needed to 
complete the process are identified and discussed.  In addition, a methodology for 
determining the acoustic parameters of a tennis shot that are desirable and which 
parameters are undesirable is presented along with initial results. 
7.2$Discussion$
The product sound wheel was first introduced in Chapter 2 as a method of designing for 
product sound quality; it is an iterative process that can be used to redesign a product to 
have a better sound quality, however, it cannot be integrated into the industrial design 
process of a new product (Nykänen, 2008).  To summarise Pederson and Fog’s process 
for a tennis racket; it starts with a physical sound that is either recorded from a tennis ball 
impact or is synthesised artificially by computer algorithms to produce a sound that is 
similar to a tennis ball impact.  The sound is then analysed by either presenting it to a 
jury for evaluation or by using objective metrics to quantify important characteristics of 
the sound, the results are then used to evaluate whether or not the sound is the optimal 
sound.  If it is determined that the sound is not optimal then the sound is modified either 
artificially using a range of filters and algorithms or by redesigning the racket to create a 
different sound.  The process can be repeated until the optimal sound is identified and a 
method of designing a racket is determined so that an optimal sound is radiated during 
the impact.  This process can be applied to any product, however, it assumes that the 
sound engineer will already be in possession of sufficient knowledge to be able to modify 
the design to change the sound characteristics in a controlled manner. Although it may 
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be possible to tackle sound quality without knowledge of how a product radiates sound 
or which sound is considered appealing, through a trial and error approach, it certainly 
wouldn’t be an efficient process.  To enable this process to be optimised in terms of 
efficiency, a knowledge base is required so that it can be predicted how changing a 
certain design feature might influence the sound radiated and, consequently, a player’s 
perception of the modified sound.   Each stage of this process is now discussed in 
relation to the work presented in the thesis. 
 
Fig 7.1 –  “Product sound wheel” of the process of reengineering a tennis racket for product sound 
quality (Adapted from Pederson and Fog, 1998) 
7.2.1$Objective$measurements$and$analysis$
In order to understand how the racket radiates sound and the effect of changing the 
racket configurations, it was important to analyse impact sounds and frame vibrations 
effectively.  A number of different techniques were used to analyse and characterise the 
signals such as Fast Fourier Transforms to investigate the frequency content, 
spectrograms (STFT) to explore the frequency content in relation to time and envelopes 
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to calculate the peak and decay values for the time signal.  The frequency content of the 
sound and vibrations were particularly important in the identification of modes of 
vibration responsible for the radiated sound, however, the frequency content of the 
signals were much plainer to understand once the evolution of the sound over time was 
first understood.  This was originally achieved by splitting the signal into two separate 
signals and then transforming them into the frequency domain using a Fourier transform.  
This resulted in the knowledge that the initial impulsive sound comprised of a number of 
broad frequencies components that decayed quickly while the ringing component was 
comprised of much more distinctive frequency peaks that decayed slower.  Spectrograms 
were later used to analyse the frequency content of the sound over time and were 
especially useful in identifying the frequency components that decayed slowly. 
As well as investigating the frequency content of the sounds, the decay time was also 
analysed extensively in this study because it was suggested in Chapter 5 to influence the 
appeal of a sound.  A negative correlation was established between the appeal of the 
racket and the mean decay time of the sound radiated from the racket, although this was 
from a limited subject pool (7 players) and the findings need to be confirmed by further 
investigative work.  The different methods that have been used to calculate and quantify 
the decay time are discussed and compared in the following section along with the effect 
of a stringbed damper.   
The decay of the fundamental mode of a tennis racket has been researched previously 
(Kotze et al, 2003) because it has been associated with causing tennis elbow (Segesser, 
1985) and identified as being responsible for causing discomfort (Brody, 1987; Maeda & 
Okauchi, 2002), however, the decay of higher modes has not been investigated 
previously.  Although S1 has a frequency of 550 – 700 Hz, so it is not as perceivable 
through tactile senses as lower frequency vibrations (Reynolds et al, 1977), the sound 
from S1 will be heard more readily as human hearing improves as the frequency of the 
sound approaches 1 kHz.  In addition, although the amplitude of the sound resulting 
from the first stringbed mode is far less than the initial impulsive sound, the fact that it has 
a much greater decay time means that not only will it be perceived to be louder than its 
amplitude would suggest (Namba et al, 1976; Bisping, 1996) but also it can result in the 
sound being heard as a tone rather than a click (Gulick et al, 1989).  In light of this 
information, it is unsurprising that a relationship between the decay of S1 with the appeal 
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and loudness of a sound was established and therefore an optimised method of 
measuring this decay was needed. 
Although the standardised psychoacoustic loudness metrics (ISO 532, ANSI S3.4-2007) 
are not appropriate for use with impulsive sounds, such as tennis shots, a method 
developed by Boullet (2005) is designed to calculate the loudness of impulsive sounds 
and has been used in this study to predict players’ subjective perception of loudness.  
While Boullet (2005) has validated the model with a range of impulsive sounds it is not 
recognised as national or international standard as Zwicker’s or Moore’s models are.  
Despite this, the results obtained by using the model correlated significantly (P<0.05) 
with the perceived loudness where as results from neither Zwicker’s and Moore’s models 
didn’t provide significant correlations. 
7.2.2$Analysis$of$physical$acoustics$
Although Pederson and Fog’s model (1998) implies that simulating / tailoring sounds 
should be the next stage in determining an optimal sound, it was felt that an analysis of 
the physical acoustics would be a more appropriate next step so that more informed 
modifications could be made and the process would be more efficient.   
Understanding the racket as a sound source was one of the primary objectives of the 
thesis and a great amount of knowledge has been gained from the developed methods 
and results presented.  In Chapter 3, the sound of a tennis shot was divided into two 
sections; the initial sound that decayed very quickly after the impact and the secondary 
component that was of much lower amplitude but continued long in to the time domain.  
These were termed the impulsive and the ringing components respectively.  The majority of 
the analysis of the sound has been conducted on the ringing component mainly because 
there were definitive mode shapes responsible for the identified frequencies components 
but also because this component was of a longer duration than the impulsive component it 
was considered to be more of a dominant factor to the auditory system of a human 
(Bisping, 1996).  Another factor that made identifying the source of the sound that 
formed the impulsive component more complicated was that it was thought that the ball 
contributed greatly to this sound.  The investigation using the impact test rig removed 
the ball sound contribution.   
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The first stage in understanding how the racket radiates sound was to understand the 
modal behaviour of the racket so that measured frequency components in the radiated 
sound could be attributed to discrete mode shapes and therefore racket components. 
Table 7.1 compares the modal results from this study with previous studies.   It is evident 
that the data on the dynamic behaviour of a tennis racket gained from this study goes 
beyond what was previously available in the literature. Timme and Morrison (2006) 
identified the first six stringbed modes, which correspond well with the first six stringbed 
modes of the AF7 with Sonic Pro strings at 55 lbs, however, the frame modes of the 
racket have previously only been measured up to 404 Hz experimentally and 690 Hz 
through simulation methods.  Iwatsubo et al (2000) identified the first three modes of a 
freely suspended composite racket that had a mass of 272 g (unstrung) which is 40 g 
heavier than the AF7 frame, the first three modes (B1, T1 & B2) were 20, 70 and 12 Hz 
lower than those recorded for the AF7. 
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Table 7.1 – Mode shapes and natural frequencies identified in this study compared with previous work 
   Natural Frequencies Hz 
Author Method Notes B1 B2 B3 T1 T2 S1 S2 S3 S4 S5 S6 IP B1 
IP 
B2 
IP 
B3 H1 H2 H3 
Banwell 
(2013) 
Freely 
suspended 
shaker 
AF7 RIP 
Control   55 lbs 179 510 1013 422 1146 566 883 906 1186 1191 1313 205 444 987 - - - 
Banwell 
(2013) 
Freely 
suspended 
shaker 
AF7 RIP 
Control   55 lbs 179 511 1000 416 1152 667 1065 1069 1408 1414 1559 203 442 974 - - - 
Banwell 
(2013) 
Hand-held   
impact 
hammer 
AF7 RIP 
Control    55 
lbs 
167 502 980 413 1130 664 1051 1060 - - - 192 428 962 837 1069 1600 
Banwell 
(2013) 
Freely 
suspended 
impact 
hammer 
AF7 RIP 
Control    55 
lbs 
180 510 1000 416 1146 664 1060 1063 - - - 206 439 969 857 1084 1662 
Vethecan 
(2002) 
Freely 
suspended  
impact 
hammer 
Composite 
racket 146 388  403              
Iwatsubo  
et al (2000) 
Freely 
suspended  
impact 
hammer 
Composite 
racket (280 g) 160 440  404              
Timme & 
Morrison 
(2009) 
Grip clamped 
Electromagne
t  
 67 205    562 895 909 1154 1186 1270       
Casolo  
et al (2000) 
Simulation 
model 
String tension:  
240 N 134 395 745 399  690            
Yao-dong  
et al (2006) 
Simulation 
model Fixed grip 80 470  220              
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It was noted in Chapter 5 that the frequencies components that corresponded to frame 
vibrations were lower than those predicted by the hand-gripped modal analysis results. 
Although the grip force was not measured, the same subject was used for both 
investigations.  However, as Brody (1989) suggests that the grip force is increased during 
an impact due to the recoil of the racket, it is assumed that the grip force acting on the 
racket could be greater during the tennis impacts than during the modal analysis.  The 
results presented in the thesis so far have quantified how the hand adds damping to the 
modal frequencies of the frame as well as reducing their frequencies.  It is believed that it 
is the mass of the hand that reduces the frequencies of the structure but the hand is a 
complex mass comprised of many different interconnected bodies each with its own 
mass and damping properties.  The data suggest, therefore, that the effective mass of the 
hand changes depending on the grip force.  Literature states that the mass of a human 
hand is circa 0.61 % of the total mass of the body (Dempster & Guaghran, 1967); for the 
subject this equated to 0.61 kg.  
  To investigate the mass required to reduce the natural frequencies of the freely 
suspended racket to the values recorded for hand-gripped rackets, the structural 
modification tool within LMS Test.Lab was used.  Mass was added to the handle of the 
racket geometry generated in the experimental modal analysis by evenly distributing 
lumped mass across the nodes which were contacted by the hand during the hand-
gripped testing.  The mass was increased incrementally until the desired frequency of B1 
was achieved.  A total mass of 40 g was required to reduce the frequency of B1 to the 
frequency of the first bending mode recorded from the hand-gripped modal analysis, 
whereas 140 g was needed to reduce the frequency by a further 19 Hz to the frequency 
of the first mode recorded from the hand-gripped impact data.  Table 7.2 details the 
effect of the added mass on the other modes.  IP B and H modes are not shown in the 
mass modification data as these modes were weakly excited in the shaker modal test and 
so unlikely to be reliably predicted in the mass modification calculation.  This result 
seems to be in accordance with Cross’s (2005) experiment where a lumped mass of 184 g 
attached to the butt of the racket had the same effect on the natural frequency of the 
racket as a “firm” grip.   
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Table 7.2 - Comparison of frequencies from a freely suspended racket, hand-gripped modal and hand-
gripped tennis shot with the predicted mass needed to reduce the frequency 
Boundary 
Conditio
n 
Freely 
suspended 
Shaker 
Hand-
gripped 
hammer 
Hand-
gripped ball 
impact 
40 g Mass 
modification  
140 g Mass 
modification  
Mode f. Hz f. Hz f. Hz f. Hz f. Hz 
B1 179 169 150 169 150 
B2 511 502 475 503 479 
B3 1000 980 - 968 856 
IP B 1 203 192 - - - 
IP B 2 442 428 - - - 
IP B3 974 962 962 - - 
T1 416 413 412 417 417 
T2 1152 1130  1147 1145 
S1 667 664 675 667 667 
S2 1065 1051 - 1065 1065 
S3 1069 1060 1062 1069 1069 
S4 1395 1387 1388 1395 1395 
S5 1416 1402 - 1416 1416 
S6 1567 1551 1562 1567 1567 
H1 - 837 837 - - 
H2 - 1069 1088 - - 
H3 - 1600 1612 - - 
 
As there is not any previous literature that examines the process by which a tennis racket 
radiates sound it is not possible to compare the data presented in the thesis, although a 
number of authors have mentioned the sound of tennis rackets when reporting the 
results of other investigations.  Bower and Cross (2003) found that tennis players’ ability 
to identify changes in stringbed tension significantly reduced when they wore earplugs, 
leading the author to conclude that the sound was an important factor.  Stroede et al 
(1998) discovered that players were unable to determine whether or not their racket had a 
string damper when the sound was masked by wearing headphones; the author suggested 
that this implied that the damper only affected the sound of the racket.  This study has 
shown that the damper only affects the dynamic behaviour of the stringbed, therefore it 
follows that the strings must be responsible for a significant amount of the sound.  
Although the strings contribute to the sound produced, it doesn’t mean that they 
themselves radiate sound even though Cross et al (2002) suggests that the strings were 
responsible for radiating the higher frequencies (>200 Hz).  The author goes on to 
suggest that the strings are more efficient at radiating sound than the frame of the racket.  
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This is somewhat surprising given the relative surface area of the strings and frame.  The 
results presented in this thesis suggest that the strings are responsible for the ringing 
component but that the sound is radiated from the frame of the racket, which is excited 
by the stringbed vibrations.   
The transfer of the vibrations associated with stringbed modes, in particular S1, from the 
stringbed to the frame of the racket was evident in all investigations.  During the 
experimental modal analysis investigation the stringbed natural frequencies were detected 
in the frame of the racket, even though the racket was excited by a shaker attached to the 
frame of the racket system.  An impact on the stringbed, in which the stringbed modes 
were greatly excited, resulted in significant motion of the frame at the natural frequency 
of the strings.  It is therefore proposed that the strings contribute to the sound by 
transferring their energy into the frame, which then acts as an acoustic loudspeaker.  As a 
consequence it was deemed appropriate to investigate the vibration of the frame due to 
the excitation from S1.  Fig 7.2a illustrates the mode shape of S1, as shown in Chapter 4, 
the motion of the strings dominate the visualisation and make it difficult to identify the 
motion of the frame.  Fig 7.2b shows the same mode shapes but with the stringbed of 
the racket removed, as a result the amplitude of the motion of the frame was increased 
and the mode shape can be distinguished.  The mode shape is similar to that of B2 apart 
from there is very little motion of the handle.  
 
 
Fig 7.2 – Mode shape of S1 a) with and b) without the strings.  From the AF7 Sonic Pro at 55 lbs 
shaker excitation method. 
a) 
b) 
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Interestingly, the mode shapes in Fig7.2b indicate there is very little in-plane motion of 
the frame at the frequency of S1.  This was surprising as the strings are under tension and 
exert a force on the frame on an in-plane direction when stationary and so this force 
would change as the stringbed is deformed due to the mode shape of S1.  Fig 7.3 
explores this theory further. 
 
Fig 7.3 – Force profile exerted by the strings due to S1 on the frame of the racket in the out-of-plane and 
in-plane direction. 
 
Fig 7.3 illustrates how the in-plane and out-of-plane forces exerted on the frame of 
racket due to S1 change throughout the phases of S1.  When the first stringbed mode is 
at a maximum in the +Z direction there will be an inward force pulling in the in-plane 
direction and the force acting in +Z direction acting on the frame.  When the string-bed 
mode is near its maximum –Z position there will also be an inward force on the head of 
the racket and a –Z force acting on the frame.  Therefore the out of plane bending of the 
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racket will be at the same frequency as S1 but the in-plane oscillation will be at double 
the frequency of S1.  A frequency component exactly twice the frequency of S1 has been 
identified in many acoustic signals and in-plane accelerometer signals (Fig 7.4), which 
supports the theory illustrated in Fig 7.4. 
 
Fig 7.4 – Mean frequency response from the a) in-plane and b) out-of-plane accelerometer following 20 
impacts with the block (Chapter 6) 
The vibration in the frame at a frequency exactly double the fundamental stringbed 
frequency is only present in the in-plane accelerometer data and the sound data.  This 
suggests that this mode is definitely in-plane rather than out-of-plane.    
Since the role of the damper was introduced (Chapter 3) it became clear that the decay 
rate of a signal would be a key variable that would be used to quantify the sound and 
vibrations recorded from the tennis racket system.  The decay rate or damping ratio has 
been calculated from the sound and vibration signals from a standard tennis impact, the 
experimental modal analysis investigations, the controlled excitation of a stringbed with 
different masses attached to it, the controlled excitation of a strung rectangular frame 
with different strings and the excitation of a racket with the impact test rig.  Although in 
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all circumstances the aim was to quantify the decay rate of the measured signal a number 
of different methods were used.  Initially the damping ratio calculated for the natural 
frequencies of the racket system identified by the experimental modal analysis, this 
method relies on determining the damping ratio as a function of the width of the peaks.  
The effect of the damper on a stringbed was investigated by fitting an exponential curve 
to the time signal of the decaying vibrations following a controlled impact.  The decay 
rate was quantified by recording the log decrement of the fitted exponential curve, this 
approach has been used successfully by previous researchers (Roberts et al, 2002) and was 
considered ideal for this application as the signal decayed in an exponential manner.  
However, when this was applied to other applications such as the decay of the sound 
following a tennis shot or examination of vibration decay of a fixed stringbed it became 
clear that the signals did not decay exponentially. 
In the following chapters the decay time of the radiated acoustic signal was calculated in 
a number of different ways; initially an exponential curve was fitted to the data and the 
log decrement of the curve (time taken for the signal to reduce by 1-1/e of its peak 
value) however it was realised that this method was appropriate for all conditions as the 
exponential decay seldom fitted the actual decay of the signal.  A subsequent method for 
measuring the decay time was introduced in Chapter 4 as a method of measuring the 
decay of the frequency component of S1 by plotting the data in the spectrogram that 
corresponded to the frequency of S1 against time and then calculating the time taken for 
the signal to decay by 25 dB.  Although this method provided quantitative data, the 
actual results can be misleading as the data is originally from a spectrogram, which 
effectively increased the decay time as the sliding window had a duration of 0.23 s.  The 
third method was to calculate the damping ratio of S1 by measuring the width of the 
peak in the spectrum, where a greater value equated to greater damping. 
Table 7.3 details the decay values calculated by the all the techniques for a number of 
different racket configurations, although no single racket configuration was used in all 
studies the different decay values can be evaluated.  The table also includes the damping 
ratio of S1, as calculated during the experimental modal analysis.  The data indicates that 
all metrics agree that an increase in the stringbed tension increases the decay time and 
there is good agreement between the decay of decay of S1 calculated by the spectrogram 
method and the modal analysis data.  Although the log decrement method agrees with 
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the spectrogram method it is not suggested to use this metric as it cannot be assumed 
that the sound signal decays exponentially. 
Table 7.3 – Comparison of the decay time of different racket configurations calculated by five different 
methods 
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Log decrement of exponential 
curve fitted to absolute values 
(ms) (ball impacts) 
8.63 6.06  6.11   
Decay of S1  (s) 
(data from spectrograms) 0.27 0.23     
Damping ratio of S1 (%) 
(Modal analysis data) 0.04 0.11 0.19 0.91   
Damping ratio of S1 (%) 
(acoustic data from ball impact)     1.45 0.78 
Damping ratio of S1 (%) 
(acoustic data from block 
impact) 
    0.25 0.23 
 
This nonlinear decay of vibrations has been documented before, particularly by 
researchers investigating vibrations from musical instruments.  Huber et al (2008) studied 
the decay of sound and vibration from guitars, not only did he suggest that correlating 
natural frequencies of strings and the frame increased the decay rate, he also found that 
signals decayed in non-exponential manner.  Looking more closely at a frequency 
component of a vibrating string, Legge and Fletcher (1984) found that it is possible for 
individual frequency gain and lose energy throughout the decay.  He attributed this to the 
energy in the system being dissipated from other mode shapes, in particular the 
fundamental frequency.  Fig. 7.4 illustrates the nonlinear excitation of the third partial of 
a stretched string plucked 1/3 of the way along its length. 
 
 174 
 
 
Fig 7.4 - Nonlinear excitation of the third partial of a stretched string plucked 1/3 of the way along its 
length; the graticule divisions are 50ms apart (Legge and Fletcher, 1984) 
The phenomena identified by Legge and Fletcher (1984) could explain the characteristics 
of the decay of tennis impact sounds.  As well as the nonlinear decay of the entire sound 
signal (< 20 kHz), the spectrograms also showed non-linearities for individual 
frequencies.  For example Fig. 5.19 illustrates the decay of the S1 frequency band from a 
spectrogram, which suggests that the signal decays initially and then increases in 
amplitude before finally decaying to background levels.   Fig. 7.5 illustrates a typical 
acoustic signal measured from a AF7 with Sonic Pro strings that has been filtered with a 
Butterworth band pass filter (560 – 590 Hz) so that all frequencies in the signal are 
removed apart from the frequency of S1.  It is evident here that the signal decays in two 
stages and Legge & Fletcher findings can be applied to this phenomena by suggesting 
that ball initially only excites the fundamental mode due to the contact time of 5 ms but 
then the energy from this mode is transferred to the first stringbed mode which is more 
lightly damped than the frame modes. 
Time  
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Fig 7.5 – Acoustic signal recorded from a forehand ball impact with an AF7 with Sonic Pro string 55 
lbs. Filtered using a 550 – 590 Hz Butterworth bandpass filter 
!
7.2.3!Simulation!and!sound!tailoring!
This study has identified the important contribution of the stringbed natural frequencies 
to the overall sound.  Changing the strings and their associated properties has enabled 
some understanding of how the sound is affected, however, by making physical changes 
to an actual racket, it is difficult to vary just one parameter in a controlled manner.  
Another method of identifying the target sound and the characteristics that define it is to 
use simulated or synthesised sounds and a jury evaluation.  Taking a single recording and 
then modifying its characteristics such as amplitude, decay time, frequency etc the 
modified sound can be played to a jury through headphones for evaluation.  The process 
can be iterated a number of times until the sound is optimized.  Although this was not an 
original aim of the thesis, the potential of this technique for future studies is explored in 
the following section. 
7.2.4!Presentation!to!a!jury!for!evaluation!!
Another key stage in the process of designing a product’s sound quality is understanding 
the parameters that define the ideal or target sound. To achieve this the sounds can be 
recorded from tennis impacts and played back to a jury for evaluation or a set of subjects 
can express their opinions of the sounds from playing with the tennis rackets and then 
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the subject preferences can be linked to objective data metrics to build up relationships 
and suggest an ideal sound. 
7.2.4.1&Investigative&study&
The first stage of the investigation was to record a representative impact sound that 
could be presented in a jury evaluation.  A single University player was used to hit a shot 
identical to the forehand impacts performed in Chapter 4.  The only difference was that 
the recording took place outside on a large playing field so that there was no secondary 
sound in the recording as the impacts recorded in the anechoic chamber were followed 
with the sound of the ball hitting the protective netting.  This was undesirable as the 
short duration between the sounds could mean that the secondary sound masked the 
sound of the impact between the tennis racket and ball. Although only one sound was 
required, as it was to be computationally modified, 10 clean impacts were recorded and 
one impact was randomly selected to be used in the jury evaluation.  The sound was 
recorded using the Head Acoustics HATS system to ensure the recorded signals were 
aurally accurate.  
 
Fig 7.6 – Process for jury evaluation 
The process of the investigation is shown in Fig 7.6.  Two characteristics of the sound 
were chosen to be modified, firstly the duration of S1 and secondly the frequency of S1.  
The duration was chosen because it has been shown that the duration is related to the 
perceived loudness and appeal of the sound while the frequency of S1 was changed 
because it is a parameter that can be changed by both the user and the manufacturer.   
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Fig 7.7 – Process for moving the frequency of S1 in a recording of a tennis shot 
 
The process of shifting the frequency of S1 is illustrated in Fig 7.7.  Initially the sound 
was not divided into the two components, however, this meant that when the frequency 
of S1 was altered, so was part of the initial impulsive sound as this has a very broad peak 
that encompasses S1.  Fig 7.8 shows an FFT of the unmodified impact and the FFT of 
the modified sound where S1 is 100 Hz greater.  
 
Fig 7.8 – Modifying the original sound a) by increasing the frequency of S1 by 100 Hz b) 
The modified files were then exported back into the same SDHF file format so that 
equalization was retained throughout the process.  Via this method, 7 modified sound 
files were created with S1 increasing in 10 Hz increments from 625 Hz to 695 Hz. 
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Fig 7.9 – Process for modifying the decay time of the S1 component 
Fig 7.9 illustrates the process of altering the decay time of the S1 component in the 
original sound.  As before, the sound was first decomposed into the impulsive and ringing 
components with the only the ringing component modified.  Once the S1 frequency had 
been identified, that component of the sound was removed completely and replaced with 
a synthesised pure tone sound of the same frequency and a starting amplitude the same 
as that of S1.  The pure tone signal was then multiplied by an exponential decay, which 
was defined by the equation ! ! = !!!!!.! where N0 is the maximum amplitude of S1 
and !  is the decay constant and represents the time taken for the signal to decay by 1 – 
1/e (≈63%).  The synthesised S1 component was then inserted into the spectrum of the 
ringing component, which was then converted to the time domain and added to the 
impulsive component to complete the modified sound.  The eight modified sound files 
selected for the jury evaluation had time constants ranging from 0.05 to 0.4 s in 0.05 s 
increments.  The original sound file was not included in the files selected for the jury 
evaluation.  Fig 7.10 illustrates the spectrogram for each sound and the time constant 
implemented. 
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Fig 7.10 – Spectrograms of the eight modified sounds to be presented to the jury 
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7.2.4.2&Jury&evaluation&&
During this preliminary investigation, seven subjects were recruited for the jury 
evaluation process.  A Head Acoustics system comprising of Square software controlling 
a PEQ equalizer, PVA amplifier and electrostatic headphones was used for the jury 
evaluation process (Fig 7.11).  The amplifier is matched with a unique pair of electrostatic 
headphones to ensure aurally accurate playback of sounds.  As the system was designed 
and manufactured by the same company who supplied the HATS, the files were 
imported directly from the acquisition software.  Not only was this efficient but it also 
ensured that the equalisation of the sounds was kept throughout the process so that the 
sound presented to the subjects would be the same as if they were present during the 
actual recording and standing in the same location as the HATS.  
 
Fig 7.11 – PEQ, amplifier and headphones used for playback 
As outlined in Chapter 2, there are many different formats that a jury evaluation can take, 
such as paired comparison, ranking etc. and the advantages and disadvantages of each 
process were outlined.  For this study, it was decided to use the ‘individual test’ 
developed by Bodden and Heinrichs (1998) due to the fact a paired comparison test of 
the eight sounds of differing decay times and frequency shifts would have required the 
subject to listen to 28 pairs of sounds for each study.  To avoid the danger of subjects 
becoming fatigued during the study and their performance dropping, the individual test 
was adopted.  During this test the subject begins by ranking the sounds in order related 
to the metric being investigated, such as appeal.  Once the sounds are in an initial order 
the subject can then go back and select sounds to hear again and compare to adjacent 
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sounds so that the rank order can be refined (Fig 7.12).  This method combines the 
efficiency of a ranking test and the accuracy of a paired comparisons test.  
 
Fig 7.12 – Screen shots detailing the stages of placing the sounds in order of appeal. First (left) they are 
ranked and secondly, (right) they can be further adjusted in a ‘paired comparison’ manner. 
&
7.2.4.3&Results&
The data from all subjects was compiled and analysed.  Fig 7.13 shows the mean rank 
given to each sound with the error bars illustrating the standard deviation.  A general 
trend is evident that the appeal of the sound decreases as the duration of S1 (represented 
by a greater time constant) increases.  While there is noticeable differences between the 
mean rank values, the standard deviations are relatively large which suggests that the 
difference in appeal between sounds with time constants of 0.25 and 0.3 is not significant 
where as there is a significant difference in the appeal of a sound with a time constant of 
0.1 and the appeal of a sound with a time constant of 0.4. 
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Fig 7.13 – Mean appeal of sounds with different time constant applied to the frequency of S1.  Error 
bars detail +/- 1 SD 
Fig 7.14 illustrates the relationship between the perceived appeal of a sound and the 
frequency of the S1 component in the sound.  The results indicate that when the 
frequency of S1, is increased the appeal of the sound reduces.  Interestingly, the mean 
appeal of the lowest three frequencies was very similar.  Further investigations are needed 
to determine if there is a critical frequency of S1 that, if exceeded, the appeal of the 
sound significantly reduces.   
 
Fig 7.14 – Mean appeal of sounds with different frequencies of S1.  Error bars detail +/- 1 SD 
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7.2.5.4&Discussion&&
The results presented here do not represent a complete study, rather they describe an 
experimental process that has been proven to be effective for modifying the sound of a 
tennis shot in a controlled and realistic manner.  The two variables chosen, especially the 
decay of S1, were selected because throughout the thesis they have been shown to be the 
variables that are most susceptible to change.  Future studies could be implemented to 
investigate the effect of changing other parameters.   
During Chapter 5, the subjective perceptions of players participating in the study 
suggested that there was a negative correlation between the appeal of a sound and the 
decay time of the sound.  The data from the jury evaluation also indicated that as the 
duration of the sound increased (represented by increasing the time constant of S1), the 
appeal of the sound decreased.  Although the trend from the collected data suggests that 
if the decay time of the sound were reduced further then the appeal of the sound would 
increase; it is assumed that as the decay time approached zero seconds (i.e. tending 
towards a silent sound) the resultant sound of the impact would not be appealing to the 
player as the sound not only gives an indication of product quality (Bodden, 1997; Lyon, 
2000) but also the quality of the impact (Barrass et al, 2006) 
From the results, it is possible to suggest that if the frequency of the S1 component in 
the sound is increased then the resultant sound will be less appealing.  This is of course 
assuming that all other parameters (such as sound pressure level and decay time) remain 
constant.  Previous chapters, especially Chapter 6, have shown that as the frequency of 
the stringbed is altered, so does the decay time of the sound so therefore it cannot be 
assumed that changing the frequency of S1 will not affect any other parameters.  
7.2.5!Acoustical!design!changes!
The logical culmination of studying the impulsive sound quality of tennis rackets would 
be to design and manufacture a racket with a more appealing sound character but this 
aim was outside the scope of the thesis.  However, through the investigations carried out 
it is possible to suggest methods that are capable of tailoring the impact sound. 
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Now that the process by which the strings contribute to the sound is better understood it 
is possible to suggest methods that an engineer could employ to reduce the prominence 
of the ringing component.  As the stringbed vibrations are transmitted to the frame, 
which then radiates the sound the logical method of reducing the corresponding sound is 
to either; 
• Reduce the source i.e. apply damping to the stringbed 
• Isolate the stringbed from the frame 
• Reduce the radiation efficiency of the frame 
Reducing the source, which is essentially reducing the vibrations of the stringbed is how 
a stringbed damper has been shown to affect the decay time of a sound.  If a racket 
manufacturer wanted a racket to have a similar sound signature to that of a racket with a 
damper without the need of a damper then the manufacturer would need to design a 
racket with a mechanism that dissipated the energy of the stringbed.   The second option 
would be to isolate the strings from the frame so that the vibrations could not be 
transferred from the strings to the frame.  The third option is envisaged to be the most 
complicated as the racket frame would need to be redesigned while keeping the same 
mechanical properties, it is also a technique that can only be used at the start of the 
design process rather than implemented as a post manufacture process.   
During Chapter 6, a racket was manufactured using a bespoke carbon fibre layup pattern 
that resulted in the racket’s second bending mode (B2) being about 100 Hz greater than 
the corresponding mode of the same racket manufactured with the standard layup.  This 
meant that the frequency of B2 was now in the region of the possible frequencies of S1.  
Subsequent investigations suggested that the alignment of the stringbed and frame 
natural frequencies resulted in a decrease in the decay time of the sound.  Although this 
relationship requires further investigations to be fully understood, it can be suggested 
that racket manufactures could engineer their rackets so that there are frame modes in 
the same frequency region as stringbed modes if the aim was to increase the decay time 
of the signal. 
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7.3%Further%Work%
Never before has the sound of a tennis racket been investigated and reported.  The 
author predicts that there will be numerous studies on the sound of tennis rackets in the 
future just as there are an increasing number of papers that have investigated the sound 
of golf clubs and baseball bats (for example: Roberts, 2002; Axe et al, 2002 and Matsuhisa 
et al, 2009).  From analysing the knowledge generated with respect to the Pederson’s and 
Fog’s “product sound wheel” (Fig. 7.1) it is clear that there are aspects where knowledge 
is still needed to design rackets with better sound quality. 
Although relationships between sound parameters and the desirability (appeal) of a tennis 
sound have been identified, further experiments are needed to establish further 
significant relationships.  The subjective studies have used a very small demographic of 
subjects (advanced county players between the age of 18 and 27), it will be necessary to 
understand the differences in how different demographics perceive the sound of tennis 
rackets.  This will be useful to tennis racket manufacturers as certain rackets are marketed 
towards certain demographics.  
All of the impacts in this study were flat shots where the subject was instructed to impact 
the ball with minimal spin.  This was to ensure the parameters of the shot were 
consistent to aid the analysis, however, in general tennis play the players seldom hit the 
ball without any spin.  Therefore future studies could investigate how the impact sound 
changes with respect to shot type and how this affects the perception of the sound. 
Although the FFT and STFT analysis methods were useful and provided valuable results, 
they did have limitations.  The STFT, which applies a Fourier transform to a sliding 
window, was useful in determining the frequency of the ringing component but the 
resolution was not sufficient to identify the frequency content of the impulsive sound.  
One method that could be used in further investigate the frequency content of the 
impulsive component is wavelet analysis, which has been previously used to analysis 
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sounds of other impulsive sounds such as car doors (Parizet et al, 2008) as it provides a 
greater level of time-frequency resolution (Rioul & Vetterli, 1991).  
While it is clear that the ideal sound of a tennis impact is not yet realised, it is also not 
fully understood how a racket can be engineered to have a particular sound.  Results 
presented in this thesis suggest that a significant portion of the sound can be attributed 
to the strings exciting the frame, which then radiates the sound.  If this component of 
the sound was seen as undesirable then it is predicted that it could be reduced by 
introducing impedance between the strings and the frame so that the vibration of the 
frame at the stringbed frequency is reduced.   
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Chapter(8!!
CONCLUSIONS!
This study has focused on understanding a racket as a sound source and players’ 
perceptions of tennis impact sounds with a long term aim to improve the sound quality 
of a tennis racket. 
Experimental modal analysis was used as a primary tool to acquire knowledge of the 
dynamic behaviour of tennis rackets and to investigate the effect of changing certain 
parameters, such as stringbed tension and string material.  The main purpose of the 
investigation was to determine the mode shapes, and their corresponding natural 
frequencies, so that frequency components of recorded acoustic signals and physical 
vibrations from a tennis shot could be attributed to certain mode shapes.  The mode 
shapes identified are, to the author’s knowledge, the most complete set revealed from 
experimental data.  The set includes out-of-plane bending, in-plane banding, torsional, 
stringbed and hoop modes within the frequency of 150 Hz to 1500 Hz.  Although, 
higher frequency modes were identified the spatial resolution was not great enough to 
accurately determine their shape and the analysis of the impact data suggested that the 
majority of the energy is concentrated below 1500 Hz.   
An important aspect of matching the frequency components of the sound created during 
an impact and the natural frequencies of a freely suspended racket was to determine the 
effect of the hand on the dynamic behaviour of the racket. This was achieved through an 
intermediate stage comprising a more limited modal analysis on a hand-gripped racket 
and use of the mass modification modal analysis tool. This stage confirmed the prevailing 
view that hand-gripping can be considered as a mass modification distributed along the 
handle of the freely suspended racket but the associated mass was much lower than that 
of an actual hand and the hand also increased the damping ratio of frame modes 
significantly. Furthermore, in frame vibration measurements during forehand 
groundstrokes, a greater reduction in bending mode frequencies was observed, consistent 
with a mass-loading of around 25% of the actual hand as a consequence of the tighter 
grip. In these play tests, the first two bending modes, the first torsional mode, the first 
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eight stringbed modes, the first three hoop modes and the third in-plane bending mode 
were identified, with the stringbed modes being particularly prominent. 
During modal analysis, the addition of a damper had no effect on the dynamic behaviour 
of the frame but did change the dynamic behaviour of the stringbed.  The most 
noticeable change was the effect on the mode shapes, in particular the reduction in 
frequency of S1 and S2.  By comparing the rubber damper to a piece of metal of identical 
mass, it was concluded that a damper not only changes the mode shapes of the stringbed 
but also significantly reduces the decay time of the vibrations of the strings. 
Through the modal analysis and extensive investigation of the vibrations excited during a 
tennis impact, it has been found that the stringbed vibrations are almost entirely 
responsible for the ringing component of the sound of a tennis shot.  This is because the 
strings are much more lightly damped than the frame and although the strings 
themselves are thought not to radiate significant amounts of sound due to their small 
surface area, they have been shown to excite the frame of the racket which is capable of 
acting as a radiating surface for the strings.  It was noted in a number of investigations 
that there was a frequency component in the sound spectrum that had a frequency 
exactly twice that of S1; this frequency was also present in the data recorded from 
accelerometers, but only from the accelerometer mounted to measure in-plane 
vibrations.  It has been suggested that this frequency could be due to the motion of the 
S1 mode exerting an in-plane force on the frame of the racket twice every complete 
oscillation and therefore creating a force profile that is twice the frequency of S1.  
As well as the damper affecting the duration of the S1 component in the acoustic signals, 
it also varied depending on the frame and stringbed combination.  Analysis of vibrations 
excited in an isolated stringbed resulted in the conclusion that monofilament strings 
decay at a slower rate than multifilament strings.  Further analysis of the decay of S1 lead 
to a custom made racket being produced that was designed to enable the frequency of S1 
and B2 to align while using realistic stringbed tensions.  Although the results were not 
statistically significant, the data suggests that the alignment of natural frequencies causes 
the first stringbed mode to decay at a faster rate. 
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Although the frame modes are excited during an impact they do not appear to feature as 
prominently in the frequency spectrum of the sound radiated; it has been suggested that 
this could be because of a number of reasons.  Firstly the sound of the ball could mask 
the frequencies below 500 Hz and secondly the natural frequencies of the frame are 
heavily damped by the hand and so decay very quickly which makes the analysis of such 
signals difficult.  It has been suggested that wavelet analysis could improve the analysis of 
the signal. 
Another stage in the process of designing tennis rackets with superior sound quality was 
to understand the parameters that define a ‘superior’ sound.  Through subjective player 
testing, jury evaluation and psychoacoustic metrics, desirable and undesirable parameters 
of the sound radiated from a tennis racket can be suggested.  During the player testing, 
the subjective perceptions of the player were compared to physical metrics of the sounds.  
It was found that there was a significant negative correlation between the appeal and 
both the duration and loudness (LMIS) of the sound.     
As the frequency component of S1 has been identified as one of the most prominent and 
variable components in terms of both frequency and duration, it was decided to 
investigate the effect of changing the parameters of this single frequency on the 
perception of quality.  The duration and frequency of the S1 component in an impact 
sound was adjusted using algorithms and the resultant sounds were presented to a jury 
for evaluation.  The results indicate that an increase in frequency and duration of the 
ringing component results in a decrease in the appeal of the sound. 
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1.0 Abstract  !
During an impact between a tennis racket and a tennis ball, mechanical oscillations are excited in the  frame and stringbed.  
These vibrations continue after the ball has left the stringbed and have been shown to contribute greatly to the ‘feel’ of the 
racket.  During this research, lightweight accelerometers were used to measure frame vibrations excited by a typical forehand 
groundstroke.  The results indicated that a number of modes are excited mainly below 1000 Hz, both parallel (in-plane) and 
normal (out-of-plane) to the plane of the stringbed.  Although the natural frequencies and damping ratios could be calculated, 
it was not possible to identify the respective mode shapes.  A full experimental modal analysis (EMA) of the tennis racket was 
conducted to reveal the 3-D modal behaviour.  Comparison of the two sets of data revealed that the frequencies excited 
during a tennis impact are both frame and stringbed modes.  The frame modes include in-plane and out-of-plane bending 
modes as well as torsional modes.  The next stage in this research is to identify the mode shapes that are undesirable to the 
player.  The results presented in this paper would then enable racket designers to engineer rackets with better ‘feel’ qualities. !!
2.0 Introduction !
The fundamental bending mode of a tennis racket is excited during a tennis shot [1,2].  It has been suggested by many authors 
[3,4] that the magnitude of vibration in this fundamental mode has an effect on the risk of a player developing tennis elbow 
(lateral epicondylitis).  There has therefore been a large amount of research into the characteristics of this mode and how it 
can be reduced by using damping materials and tuned vibration absorbers [5,6].  The majority of the research surrounding the 
vibration of a tennis racket has been focused on the fundamental mode partly because its frequency is typically below 200 Hz 
and is therefore more efficiently excited by a tennis impact duration of 5 ms and because human perception of vibration 
decreases as the frequency increases beyond 200 Hz [7]. 
 
Early work by Brody [1,2] and later by Stroede et al [8] found that other natural frequencies up to 500 Hz were excited in the 
racket after an impact with a tennis ball by measuring vibrations in the handle.  The authors were however only able to 
speculate on the modes associated with the measured frequencies.  More recently, Vethecan & Subic [5] and Iwatsubo et al [6] 
highlighted the importance of understanding higher frequency modes as humans are able to feel vibrations up to 1 kHz 
through vibro-tactlie senses [7].  Vethecan used experimental modal analysis to elicit three mode shapes, two bending modes 
and one torsion mode, and the author then used strategically placed dampers to increase the damping in these modes.  It is 
important to note that all of the studies only investigated vibrations normal to the plane of the stringbed (out-of-plane) but as 
tennis impacts are seldom normal, it must be assumed that modes parallel to the stringbed (in-plane) are also being excited. 
 
The aim of this paper is to investigate the vibrations, both out-of-plane and in-plane, that are excited in a tennis racket when a 
player performs a forehand drive and then to compare the measured frequencies with mode shapes achieved from 
experimental modal analysis.  This will enable racket engineers to add damping to these modes using techniques such as those 
described by Vethecan & Subic [5] and Iwatsubo et al [6].  Throughout this paper, all results were measured from one racket 
(HEAD AirFlow 7) and, while the measured data gives an insight into the modal structure of tennis rackets, in general it must 
be noted that all rackets have different natural frequencies due to the inherent properties of the frame and stringbed.  For this 
reason, the racket was strung with HEAD Sonic Pro strings at a tension of 245 N (55 lbs.).  As the tension of the stringbed 
reduces at its greatest rate in the 24 hours immediately after stringing [9], it was decided to perform the experiments between 
24 and 48 hours following stringing.  To verify further that the stringbed tension remained consistent, an electronic 
measuring device (ERT 300) was used to estimate the stiffness of the stringbed by measuring its fundamental frequency 
before each of the experiments. 
 
 
 
3.0 Vibrations measured from a tennis impact 
Six male tennis players were recruited from Loughborough University’s tennis team to participate in the study.  It was 
important that the players were of a high standard (senior county level) to improve the consistency in the data from shot to 
shot.  The investigation was carried out in a laboratory environment, rather than a tennis court.  The subjects were instructed 
to hit three forehand flat shots, aiming at a target marked onto protective netting.  The forehand drive was initiated by the 
players dropping the ball themselves and then hitting the ball with a typical forehand stroke with no spin. This is perhaps a 
little unrealistic compared to a real tennis shot where the ball has an initial translational and rotational velocity.  However, 
during this initial study it was paramount that the excitation of the racket from the ball should be as consistent as possible in 
terms of impact location and angle of impact.  
 
 
 
 
 
 
 
 
 
Two piezoelectric shear accelerometers (B&K 4517-C) were used to measure racket vibration because their low mass (0.6 g) 
would have negligible effect on the vibration response.  An accelerometer was not placed on the stringbed as the mass of the 
transducer and string fixture was found to significantly change the modal properties of the stringbed.  The transducer 
positioned on the throat (Figure 1(a)) measured out-of-plane vibrations while the accelerometer placed on the side of the 
frame (Figure 1(b)) measured in-plane vibrations.  !
A LMS SCADAS frontend was used along with LMS software to acquire the response of the accelerometers in the time 
domain.  The measurements were triggered by a positive slope in the signal from the out-of-plane accelerometer.  The data 
was captured using a sampling frequency of 25600 Hz, giving a useful bandwidth of 12800 Hz over a time period of 0.08 
seconds with a pre-trigger of 0.008 seconds.  The length of data collected was sufficient to allow the vibrations to decay fully. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 – Global axes and accelerometer positions, measuring (a) out-of-plane and (b) in-plane vibrations !
Figure 2 – Mean +/- 1 SD of the frequency content for all 18 shots from (a) out-of-plane and (b) in-plane accelerometer  !
(a)!
(b)!
Z!
X!Y!
a)!
b)!
 The mean frequency content for all 18 forehand impacts +/- 1 standard deviation is illustrated in Figure 2.  It is evident that 
the majority of the energy in the vibrations detected in the racket frame is below 3000 Hz, so for this reason, the modal 
analysis only investigated the racket’s natural frequencies up to 3000 Hz.  
 
4.0 Modal analysis 
In order to correlate mode shapes with frequencies measured from a tennis impact, the boundary conditions of the racket 
needed to be as similar as possible. Kotze et al [10] identified that the boundary conditions, specifically the gripping 
mechanism, had an effect on the vibration characteristics of the frame but not the stringbed.  It is widely accepted [1,10] that 
the vibration response of a hand-held racket is closer to that of a freely suspended racket rather than a clamped racket.  The 
addition of the hand was reported by Brody to reduce the frequency of the fundamental mode by 10% and reduce the decay 
time of the vibrations from 180-750 ms to 20-30 ms [11].    
 
Nylon threads suspended the racket from an aluminium frame to simulate the free-free condition.  An impact hammer was 
initially used as the excitation method but it was unable to adequately excite all frequencies up to the desired 3000 Hz.  As a 
result a freely suspended electromagnetic shaker was used to excite the racket, in the out-of-plane direction at point X (Figure 
3) via a stinger.  During this investigation, the racket was excited with a burst random signal (white noise) with a bandwidth of 
3.2 kHz.  A burst time of 50 % of the total measurement duration of 0.5 seconds was used to ensure that the vibrations in the 
racket had decayed entirely before the end of the measurement to avoid leakage errors and also, more importantly, so that the 
transient response of the racket was included in the measurement. 
 
The response of the racket was measured with a Polytec Scanning Laser Doppler Vibrometer (SLDV).  This technique was 
particularly attractive as it provided a contactless method of measuring the surface velocity of the racket.  The aluminium 
frame allowed the racket to be suspended both vertically and horizontally so that the response of the racket could be 
measured in three axes without changing the position of the vibrometer or shaker.  To form the geometry of the racket, 
reflective markers of negligible mass were attached to the racket, which was photographed along with scale bars so that a 
software package (GOM Tritop) could then be used to calculate the coordinates of each marker, enabling a simple but 
accurate two-dimensional model of the racket.  The markers on the frame were also suitable for reflecting the beam from the 
laser vibrometer.     
 
 
 
Figure 3 – Geometry of racket with 79 measurement nodes 
 
 
As the tennis racket has high modal density it was necessary to use a multiple degree of freedom (MDOF) method to estimate 
the modal parameters. The frequency and damping parameters of each mode were calculated using global curve fitting to 
reduce errors.  
 
Figure 4 illustrates the mode shapes and their corresponding frequencies up to 1500 Hz.  The modes are labelled with a B, IP 
B, T or S referring to (Out-of-Plane) Bending, In-Plane Bending, Torsion or Stringbed respectively.  For example B2 
stands for the 2nd out-of-plane bending mode.  The bending and torsion modes are relatively easy to visualize, as the racket 
behaves in a similar manner to a freely vibrating beam, but the stringbed mode shapes are harder to describe.  Therefore a 
similar method of notation used in describing the mode shapes of circular membranes has been adopted.  The nomenclature 
for labelling the stringbed modes is (x,y), where x is the number of nodal lines and y is the number of nodal circles. Since the 
stringbed area is not perfectly circular, it must be assumed that there will be mode shapes that have the same number of nodal 
lines and circles.  These pairs of modes are differentiated with a letter after the number of nodal lines.    
 
 
X!
 
          B1 : 178                                                  IP B1 : 205 Hz                                          T1 : 422 Hz  
 
 
       IP B2 : 445 Hz                                            B2 : 509 Hz                                              S1 (0,1) : 566 Hz                  
 
 
    S2 (1a,2) : 822 Hz                                           S3 (1b,2) : 906 Hz                                      IP B3 : 987 Hz                                       
 
             B3 : 1013 Hz                                                T2 : 1146 Hz                                              S4 (2a,4) : 1184 Hz                               
 
         S5 (2b,4) : 1191 Hz                                   S6 (0,2) : 1313 Hz                                        S7 (3a,6) : 1440 Hz                                   
 
        S8 (3b,6) : 1448 Hz 
Figure 4: Mode shapes (< 1500 Hz) calculated from experimental modal analysis !
5.0 Comparison of modal analysis and tennis ball impact data !
The next stage of the investigation was to compare the experimental modal analysis with the vibration data captured from the 
accelerometers during forehand impacts.  Both analyses revealed modes up to 3 kHz, but for illustration purposes, the 
frequency range was reduced to 1.5 kHz. !
!
!
Figure 5 : Comparison between the mean FRF and mean vibration spectrum measured with an accelerometer during and after an impact with a 
tennis ball in the out-of-plane (a) and in-plane (b) direction 
 
Figure 5(a) shows a comparison between the modal analysis data and the tennis ball impacts in the out-of-plane direction.  
There is a difference in the fundamental frequency of the racket (178 vs 146 Hz) between the modal and impact data, which 
can be attributed to the mass of the player’s hand on the end of the racket.  The increase in the width of the peak suggests 
that the hand adds damping as well.  T1 is present in both sets of data but again it is at a lower frequency and decays at a 
greater rate with the addition of a hand.  B2 is not detectable in the ball impact data, probably because the mode shape of B2 
suggests that the node line is located where the accelerometer was positioned. 
 
At 563 Hz, the first stringbed mode (S1) is a prominent feature in both sets of data, which reveals that the vibrations in the 
stringbed are transmitted to the frame of the racket.  The addition of the player’s hand on the racket had negligible effect on 
the frequency and damping ratio of the mode.  All stringbed modes, up to S16 (2215 Hz), were visible in the frequency 
spectrum of the out-of-plane accelerometer data.    
 
The frequency of the fundamental in-plane racket mode, from the modal analysis, was 205 Hz.  This mode was visible in the 
FRF but is not clearly distinguishable during a tennis ball impact.  The FRF in Figure 5(b) was an in-plane measurement and 
the racket was excited in the same position as before.  It is therefore notable that out-of-plane excitation of the racket was 
able to excite in-plane mode.  Further, there is content in the in-plane data at frequencies associated with modes of vibration 
B1!
T1! B2! S1(0,1)!
S2(1a,2)!
S3(1b,2)!
B3!
T2! S4(2a,4)!
S6(0,2)!S7(3a,6)!
B1! IP!B1! B3!
IP!B2!B2!T1!
S1(0,1)!
2!x!S1! S6(0,2)!
(a)$
(b)$
IP!B3!
that are predominately out-of-plane.  This suggests that these mode shapes are three dimensional rather than simply two 
dimensional.  S1 is again present in the tennis ball impact data, although other stringbed modes appear to involve less in-plane 
frame vibration apart from S6, which is similar to S1 as it has no nodal lines but two nodal circles.  The unlabeled peak in 
Figure 5(b) at 931 Hz could either be B3 or IP B3 brought down from 991 or 1009 Hz respectively due to the mass of the 
hand.  The width of the peak suggests that it is not a stringbed mode.   
 
 
6.0 Conclusion 
 
The results presented in this paper have shown how experimental modal analysis with a shaker and laser vibrometer can be 
used to obtain the mode shapes of a tennis racket up to 3000 Hz.  The mode shapes were comprised of bending, torsional as 
well as stringbed modes.  Interestingly, the out-of-plane force also excited in-plane modes of the racket, suggesting that the 
modes are not completely two dimensional.  The vibrations excited by a ball impact were recorded with two lightweight 
accelerometers that successfully measured in-plane and out-of-plane vibrations.  The majority of the energy was in the out-of-
plane direction at frequencies below 200 Hz but peaks were recorded in both planes up to 3000 Hz.  Comparing the modal 
data and the player data revealed which modes are excited most.  The first bending mode had the greatest amplitude of all the 
modes.  The first torsion mode at 440 Hz was also excited but the second out-of-plane and first in-plane bending modes were 
not detected in the player impacts, this could possibly be because the ball impact duration of 5 ms did not efficiently excite 
higher frequencies.  However, the fact that IP B3 and B3 are thought to be excited suggests that the contact time is not the 
reason.  Another, more probable, explanation is that either the impact location or accelerometer position coincided with a 
vibration node.  A further study could use multiple accelerometers and also analyse shots which were not struck in the centre 
of the stringbed.  Above 500 Hz, all out-of-plane vibrations were associated with stringbed modes.  These frequencies were 
largely unaffected by the addition of the hand at the racket handle. 
 !
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Abstract  
A finite element (FE) model of a tennis racket was created to aid in the design and development of new rackets by allowing 
engineers to analyse the mechanical properties of the frames without making physical prototypes.  This approach saves both time and 
money but only if the model is an accurate representation of the manufactured racket.  The FE model, therefore needed to be validated.  
This paper presents a method of dynamically validating the FE model by comparing experimental modal analysis (EMA) data measured 
from a manufactured racket with the mode shapes calculated by the finite element analysis software.  A mechanical shaker was used to 
excite the racket and a scanning laser Doppler vibrometer (SLDV) measured the response of the racket in three axes of motion.  The 
experimental setup acquired out-of-plane (normal to the plane of the stringbed) bending, torsional and string-bed mode shapes that have 
been reported in past literature.  In addition, in-plane (parallel to the stringbed plane) bending modes were also excited and measured, 
which have not been reported before.  Comparison of the experimental and theoretical data revealed that the natural frequencies and 
corresponding mode shapes correlate well between the manufactured racket and the FE model, therefore validating the model and the 
method used to construct the model.   
 
Keywords: Tennis; Modal analysis; Finite element analysis; Validation. 
1. Introduction 
Computer modelling, usually Finite Element Analysis (FEA), has been extensively used within the 
sporting goods industry to aid in the design process of new products.  FE modelling has been shown to be 
capable of predicting the required mechanical properties of a tennis racket that will give the desired 
performance characteristics. Researchers [1,2] have developed computer models to study the effect of 
stringbed tension on racket deflection and coefficient of restitution respectively, but the FE data were not 
compared with experimental results.  Allen et al [3] used an FE model to investigate the influence of frame 
and stringbed properties on the rebound characteristics of the ball; they compared the simulated data to 
experimental data from a similar racket to validate the model.  
 
FE modelling has been shown to be a useful tool in optimizing performance characteristics; it is also a 
useful technique that can be used to reduce the time and financial cost of designing and manufacturing a new 
tennis racket.  Before a new design of a tennis racket can be manufactured on the production line, the 
engineers must first be satisfied that the end product will have the desired mechanical properties.  Before the 
advent of computer modelling, the traditional method was to manufacture prototypes, which were then 
subjected to mechanical tests to measure the structure’s properties.  This process would have to be repeated 
until a prototype satisfied all the test requirements.  The length of this process is dependent very much on the 
skill and experience of the engineer and can be very costly and time consuming for the company. An accurate 
FE model can be used to predict the mechanical properties of the manufactured racket without the need for 
numerous prototypes. 
 
To ensure that an FE model is accurate it needs to be validated.  Modal analysis can be used as a method 
to dynamically validate the FE model by comparing its first few modes of vibration with experimental modal 
analysis data from the matching manufactured part [4].  Hocknell et al [5] compared the frequencies of the 
modes calculated from an FE model and those measured from the corresponding golf club head; the model 
was assumed to be valid as the natural frequencies of the modes closely correlated.  Although the mode 
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shapes were also visually compared to assess their similarity it was not possible to quantify the similarity.  
Since Hocknell et al [5] completed their study, advances in computer modelling have allowed experimental 
and simulated modal data to be analysed side by side for comparison. 
 
The primary aim of this paper was to develop a method capable of determining the accuracy, and hence 
validity, of a computational FE model by comparing its modal properties to the manufactured tennis racket 
that it embodies.  Based on the validity of the FE model, the techniques used to construct the FE model will 
be evaluated to determine the suitability of using such techniques.   
 
Although the majority of the energy excited in a racket from a tennis ball impact is concentrated below 
200 Hz due to the contact time, previous research [6] has shown that frequencies up to 1500 Hz are present 
in the frame of a tennis racket.  For this reason it was decided that the FE model should be an accurate 
representation of the dynamic properties of the tennis racket up to 1500 Hz.  
 
2. Finite Element Model Development 
 
Head Sport GmbH use finite element modelling to aid in the design process of their tennis rackets.  The 
FE models of tennis racket can have very different levels of complexity depending on the modelling 
techniques used, this paper will examine if a relatively simple FE model can adequately represent the 
mechanical properties of the manufactured racket.  A finite element analysis software package (ANSYS) was 
used to construct a model of a HEAD AirFlow 7 tennis racket.  The frame was modelled as an isotropic 
material with an e-modulus of 53.5 GPa.  In reality, the racket frame is constructed from carbon fibre, which 
has orthotropic properties.  The strings were modelled on a single plane with the main and cross strings 
bonded at the intersections rather than interwoven.  The material of the strings was PET with a literature-
defined Young’s modulus of 2.2 GPa.  The diameter and density of the strings was adjusted to match the 
total stringbed mass of HEAD Sonic Pro strings strung with a pretension of 245 N (55 lbs).  The modelling 
of the strings was simplified further by defining the PET as having linear elastic properties. 
 
Altering the temperature of the model was used to adjust the tension of the strings of the FE model.  As 
the string material had a thermal expansion coefficient while the frame material did not, only the mechanical 
stress of the strings was increased when virtually cooling the model down.  With these material parameters 
defined, modal analysis of the racket was conducted within the ANSYS software.  In total 100 natural 
frequencies and corresponding mode shapes were calculated from 180 Hz to 3188 Hz.  The modal density of 
the FE racket is far higher as the frequencies exceed 1500 Hz, so only the 16 modes below 1500 Hz will be 
compared to the experimental data. 
 
3. Experimental modal analysis 
 
As the experimental modal analysis data were to be used to create the reference model, to which the FE 
model would be compared, it was crucial that these data were as accurate as possible.  The discretised 
geometry of the racket was defined with small circular markers placed on the racket, which enabled a simple 
but accurate two-dimensional wire-frame model to be created using an optical measurement technique (GOM 
Triptop).  Figure 1 illustrates the creation and orientation of the wireframe model with the global axis system 
shown. The circular markers were directly used as the measurement points thereby removing any discrepancy 
between the position of the points in the model and the actual measurement points.  79 markers were placed 
around the frame and on intersections of the stringbed as shown in Figure 1.  
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Initially the racket was excited with a modally tuned impact hammer and the response measured with a 
lightweight accelerometer using the roving excitation technique. It became apparent, however, that the type 
of impact hammer (B&K 8203) used was not capable of providing adequate excitation up to 1500 Hz when 
impacting the stringbed.  This was due to the longer contact time between the strings and the impact hammer 
when compared to that with the frame and the impact hammer.  To ensure a sufficient excitation frequency 
range, an electromagnetic shaker was used to excite the racket.  The response of the racket was measured 
using a scanning laser Doppler vibrometer, rather than an accelerometer, which would have added mass to 
the racket.  Modal data from the initial investigation with the impact hammer were used to select an 
appropriate point for the shaker to be attached so that all the desired modes were excited.  This initial set of 
data was also compared to the modal data acquired with the shaker to ensure that the attachment of the 
shaker did not add any additional mass to the system.  
 
The electromagnetic shaker was configured such that it exerted a forcing function normal to the plane of 
the stringbed (z-axis in Figure 1) on the frame at the location where the yoke joins the frame.  The aluminium 
frame, from which the racket was freely suspended with nylon threads, was designed in such a way that 
allowed the racket to be suspended both vertically and horizontally so that the response of the racket could 
be measured in all three axes without changing the location of the vibrometer.  Although the response of the 
racket frame was measured both in-plane and out-of-plane, the excitation force was always normal to the 
stringbed (out-of-plane).  Preliminary testing revealed that in-plane modes were excited by this method.   
 
The racket was excited with a burst random signal (white noise) with a bandwidth of 3.2 kHz and an 
excitation time of 50% of the total measurement duration of 0.32 seconds. As well as ensuring that the 
vibrations in the racket had decayed entirely before the end of the measurement run to avoid leakage errors, 
this method also meant that the transient response of the racket was measured.  The recorded data had a 
spectral resolution of 3.125 Hz and were presented as the means of 20 repeated measurement runs.  
 
On average, the level of the FRFs measured out-of-plane were approximately an order of magnitude 
greater than those measured in-plane (Figure 2), this is because the racket was only excited in an out-of-plane 
direction.  In order to view the in-plane measurements and mode shapes the out-of-plane velocity component 
had to be disabled for these particular modes.  In total 16 natural frequencies of the racket were detected 
below 1500 Hz and the corresponding mode shapes were calculated within the software. Figure 3b illustrates 
the first bending mode of the racket (B1). 
 
Figure 1 – Tennis racket with optical markers and the resultant wireframe model with global axis. 
X 
Y Z 
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Figure 2 – Sum of FRFs measured out-of-plane (a) and in-plane (b) from AirFlow 7 strung with Sonic Pro strings at 245 N 
(55 lbs.). 
 
4. Comparison and Validation of the FE model 
 
Once the EMA data had been collected, the temperature of the FE model was altered until the frequency 
of the first stringbed mode matched that of the experimental data.  A full set of mode shapes was then 
exported from the FE model to be compared with the reference data.  Table 1 details the comparison of the 
modes in terms of their frequencies with the difference displayed as a percentage.  The modes are labelled 
with a B, IP B, T or S referring to whether they are considered (Out-of-Plane) Bending, In-Plane Bending, 
Torsion or Stringbed respectively.  The finite element model’s prediction of natural frequency are within 2 % 
of the experimental data values apart from the in-plane modes, which differ by as much as 33.92 % for IP B3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 - Mode shape of B1 from a) FE model and b) experimental modal analysis 
                                   
While Table 1 compares the natural frequencies of the modal data it does not indicate how well the mode 
shapes correlate.  A result file was exported from ANSYS that included the FE model as well as the 
accompanying modal data; this file was then imported into LMS Virtual.lab along with the experimental data 
and wireframe model from LMS Test.lab.  The FE model was transformed from the 3D mesh geometry into 
a wireframe model with 79 nodes that aligned with the reference geometry.  After the modal data of the 
verification model had been transformed to match the reduced geometry, the two sets of data were 
compared.  A modal assurance criterion (MAC) was used to calculate the degree of relationship between the 
vectors of the modes within the experimental and the FE model.  Figure 4 illustrates the MAC correlation of 
the experimental and the finite element analysis modal analysis, a value of 1 indicates that the mode shapes 
are identical where as a value of 0 reveals that there is no correlation between the mode shapes.  Two separate 
analyses were performed for the out-of-plane and in-plane modes. 
 
a) b) 
b) a) 
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Table 1: Comparison between natural frequencies of mode shapes calculated from the FE model and measured experimentally 
from the racket 
5. Discussion and Conclusion 
  
Comparison of the experimental data and the simulation data reveals good agreement between nearly all 
the out-of-plane natural frequencies (<2 % error) apart from the 2nd torsion mode (T2), which the FE model 
underestimates by 70 Hz (6.50 %).  The correlations of the 3 in-plane modes degrade as the frequency 
increases, ranging from 9.62 % to 33.92 %.  
 
The modal assurance criterion (MAC) was used to compare the eigenvectors of the mode shapes as a 
validation tool.  The MAC calculated correlation values of above 0.9 for B1, T1, S1, S2, S3 indicating very 
good correlation.  Values above 0.7 where achieved from all other out of planes modes apart from B2, S7 and 
Mode Shape EMA (Hz) FE (Hz) Difference % 
B1 178 180 1.11 
IPB1 205 187 9.62 
T1 422 422 0 
IPB2 445 382 16.49 
B2 509 505 0.79 
S1 566 571 0.87 
S2 883 891 0.89 
S3 906 917 1.19 
IPB3 987 737 33.92 
B3 1013 1021 0.78 
T2 1146 1076 6.50 
S4 1184 1204 1.66 
S5 1191 1209 1.48 
S6 1313 1314 0.08 
S7 1440 1421 1.33 
S8 1448 1436 0.83 
  Mean 4.85 
a) b) 
Figure 4 – Modal assurance criterion (MAC) of a) out-of-plane modes and b) in-plane modes 
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S8.  It is thought that the reason why S7 and S8 where poorly correlated was due to the spatial resolution of 
the measurement nodes being insufficient to capture the true mode shapes of these higher natural 
frequencies.  Modal switching is a common phenomenon experienced when comparing experimental data 
and FE data due to inconsistencies within the model.  The only modes that have switched places are S4 and 
S5, which only differ by 5 Hz according to the EMA data.  S4 and S5 are also a modal pair with the same 
number of nodal circles and node lines but slightly different frequencies because the head of the racket is not 
circular.  The MAC values for the three in-plane modes were 0.67, 0.74 and 0.71 respectively.  So even 
though the frequencies of the modes differ greatly, the mode shapes are reasonably correlated.  A possible 
reason for the in-plane modes being less well correlated could be due to the experimental method where the 
in-plane modes were not excited to the same extent as the out-of-plane modes, leading to noise in the in-
plane mode shapes. 
 
This paper has shown that an isotropic model of a tennis racket can exhibit very similar dynamic 
properties to the associated manufactured racket, especially in the out-of-plane direction.  The main 
differences between the reference model and the FE model were found in the data for the in-plane modes, 
this could be due to the isotropic nature of the model and might be improved if the model had orthotropic 
material properties.  The validated FE model could be used in the design process with greater confidence that 
the calculated mechanical properties were representative of the properties that the manufactured racket would 
have 
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Abstract 
The ‘feel’ of tennis rackets is of increasing importance to manufacturers seeking product differentiation in a context where 
further performance enhancements are prevented by a combination of mechanical limits and regulations imposed to protect the 
integrity of the sport.  Vibrations excited during a shot contribute greatly to the perception of ‘feel’.  Previous studies have been 
reported but none has covered the full set of mode families or the frequency range in this study.  In-plane vibrations associated 
with the routine use of topspin shots in modern tennis have not been documented so far in the literature.  To consider modal 
behaviour, multiple measurements during play conditions are required but this is practically impossible.  This paper proposes an 
alternative approach and successfully relates a comprehensive modal analysis on a freely suspended racket to vibration 
measurements under play conditions.  This is achieved through an intermediate stage comprising a necessarily more limited 
modal analysis on a hand-gripped racket and use of the mass modification modal analysis tool.  This stage confirmed the 
prevailing view that hand-gripping can be considered as a mass modification distributed along the handle of the freely 
suspended racket but the associated mass was much lower than that of an actual hand and the hand also increased the damping 
ratio of frame modes significantly.  Furthermore, in frame vibration measurements during forehand groundstrokes, a greater 
reduction in bending mode frequencies was observed, consistent with a mass-loading of around 25% of the actual hand as a 
consequence of the tighter grip.  In these play tests, the first two bending modes, the first torsional mode, the first eight 
stringbed modes, the first three hoop modes and the third in-plane bending mode were identified, with the stringbed modes 
being particularly prominent. 
 
Introduction 
During the second half of the twentieth century, tennis rackets changed dramatically due to 
improvements in manufacturing techniques and the introduction of new materials [1].  The 
International Tennis Federation (ITF) was concerned that these equipment changes could have a 
detrimental effect on the nature of the sport and reduce its market appeal [2].  As a consequence, the 
ITF introduced rules and regulations [3] which have made it harder for manufacturers to enhance 
racket performance with innovative designs, for example to develop rackets with movable masses to 
enable tuning of racket static and dynamic characteristics.  In view of this, tennis racket manufacturers 
and other sports equipment companies now seek to design products that are superior to their 
competitors’ products in areas other than simply performance, often characterised by parameters such 
as coefficient of restitution, stiffness, moment of inertia etc..   
 
Barrass et al. [4] theorized that, in order for players to perform to their full potential, they must 
‘feel’ comfortable with their equipment.  Hocknell et al. [5] defined ‘feel’ as the “physical and 
psychological feedback” experienced by a player in hitting a shot; a player receives feedback from the 
position of their limbs as well as visual, tactile and auditory sensations.  Roberts et al. [6] suggested that 
the sensations received during the shot by the player’s tactile and auditory receptors were the most 
important for evaluating the perceived quality of the item of sports equipment.  It is proposed, 
therefore, that tennis racket manufacturers should be concerned with developing rackets with 
vibration and sound qualities regarded as desirable by the user.  Since significant components of the 
sound originate with the mechanical vibrations of the racket, this paper will explore the dynamic 
mechanical behaviour of tennis rackets.  
 
Analysis of the vibrations excited in tennis rackets and sports equipment is not a new endeavour.  
In 1976, Hatze [7] used strain gauges mounted onto a wooden racket to measure the effect of grip 
tightness on racket vibrations post-impact.  Later, Brody [8] identified that the first bending frequency 
of graphite tennis racket frames is typically between 120 and 200 Hz, while the strings vibrate at 
higher frequencies due to their lower mass.  It is generally accepted that the fundamental frequency of 
the frame is responsible for the discomfort associated with unwanted vibrations due to its higher 
amplitude modal response relative to other natural frequencies [9] and the relatively greater human 
sensitivity to vibrations with frequencies in the 50-200 Hz range [10,11].  Hennig [12] investigated the 
transmission of vibration from a racket into the player’s hand and forearm and found that the 
frequency of the measured vibrations on the hand and arm closely matched the racket’s first bending 
frequency.  Kawazoe [13] has developed models to predict vibration magnitude experienced by the 
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player; the models, which are based on Experimental Modal Analysis (EMA) data, suggest that 
impacts using light modern rackets cause vibrations of greater amplitude at the gripping location due 
to the fact that the lighter rackets are relatively head-heavy [14].  The result of such revised mass 
distribution is that the region in which the nodal lines of the significant vibration modes, i.e. that in 
which there is a reduced local vibration level, shifts up  the handle of the racket, away from the 
gripping location.   
 
The effect of the ball impact location on the vibrational response of a racket has been investigated 
by numerous authors [15,24,25].  Brody [24] suggests that an impact in the centre of the stringbed 
generates the smallest vibrations in the racket frame and that these vibrations become progressively 
more significant as the impact location is moved further away from the stringbed centre while 
remaining on the vertical centre-line of the racket.  Stroede [15] indicates that this is due to the 
location of the node line of the fundamental out-of-plane mode being close to the centre of the 
stringbed.  Barrass [25] went a stage further by analysing the frequency content of the vibrations 
generated; the results indicated that the player “excited little or no vibration” at the frequency of the 
first bending mode when the impact was in the centre of the racket. 
While the majority of research to date has focused on the racket’s fundamental frequency, 
investigations using accelerometers placed on a racket frame during a typical tennis impact have 
revealed that frequencies up to 1500 Hz are excited during a typical forehand drive [15,16].  Given that 
humans are able to sense vibrations at frequencies up to 1000 Hz through tactile receptors [10] and 
can hear frequencies between a maximum range of 20 – 20000 Hz [17] it is important to analyse the 
dynamic behaviour of a racket beyond the fundamental frequency.  Several studies have been 
conducted where the mode shapes of higher natural frequencies have been identified; Vethecan et al. 
[18] and Iwatsubo et al. [19] each identified the 2nd bending mode and 1st torsional mode.  Korte et al. 
[20] investigated the differences between conventional midsize rackets and the, then new, wide body 
rackets and found that the wide body racket’s bending and torsional natural frequencies were far 
higher than those of the midsize racket.  More recently, Timme et al. [21] used electronic speckle-
pattern interferometry to identify twelve mode shapes of a clamped tennis racket up to 1500 Hz, 
including seven stringbed modes, the first of which was found to be at 562 Hz.  Computational modal 
analyses of finite element models of tennis rackets have been performed by a number of researchers 
[22,23] and, while the mode shapes of the lower frequency modes correlate well with experimental 
data, far more mode shapes have been identified up to a frequency of 745 Hz.     
 
Previous EMA on tennis rackets has only considered vibration modes with predominantly out-of-
plane motion.  However, with modern tennis being dominated by aggressive topspin shots [26], in 
which work is done on the ball by a non-normal interaction between ball and stringbed, in-plane modes 
of vibration are being excited more readily than ever before.  Previous research [18,19] has shown that 
it is possible to damp out-of-plane vibrations once the mode shapes of the unwanted frequencies are 
identified using strategically placed tuned dampers.  If the mode shapes of the in-plane vibrations are 
also known then similar devices could be used to damp these. 
 
All of the EMA investigations referenced thus far have either been performed on grip-clamped 
rackets or freely suspended rackets.  Whilst Timme et al. may have conducted the most comprehensive 
modal analysis of a racket to date, a clamped racket was a necessity for the optical measurement 
system and, as they acknowledged, this will have significantly affected the vibrational behaviour 
compared to a hand-held racket.  Kotze et al. [27] state that neither fixed-free nor free-free boundary 
conditions exactly represent that of a hand-gripped racket; of the two, a freely suspended racket 
provides a much better representation of a hand-gripped racket but its fundamental frequency is 
approximately 10% greater and the nodes of the vibration mode shapes are shifted slightly away from 
the end-points of the racket [28].  Both Carsolo et al. [22] and Kawazoe and Yoshinari [13] have 
attempted to simulate the effect of the hand in their mathematical models by adding mass at the grip.  
Kawazoe and Yoshinari demonstrated the influence of adding a 1.0 kg mass to the handle on the 
shock acceleration at the grip for different impact locations but didn’t explain why this particular mass 
had been used or whether it had been optimised using experimental data. Casolo et al. [22] reported 
the effect of adding a lumped mass at the handle on the first five mode shapes of a tennis racket using 
finite element analysis;the lumped mass, which wasn’t specified but stated to be “equivalent to that of 
a player”, was found to reduce the frequencies of the frame modes by circa 10 %.  The effective mass 
of the hand is, therefore, not clearly understood, nor is how the hand affects the frequencies and 
mode shapes of higher order modes that are excited during a tennis impact as the position of the hand 
relative to node lines is different for each mode.   
 
Banwell et al. [10] used EMA data from a freely suspended racket to identify the mode shapes 
associated with the frequencies excited during a tennis shot measured using accelerometers placed on 
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the racket frame.  All frequencies excited by the ball impact, apart from one, were attributed to racket 
mode shapes, but the authors could not comment on the correlation between mode shapes of a hand-
gripped racket and a freely suspended racket.   
 
The ultimate motivation for this study is, therefore, to identify the modes associated with 
vibrations measured from a racket during normal tennis play.  This requires investigation of modes in 
three dimensions and across a frequency range up to 1500 Hz; both of these aspects represent 
advances relative to previous studies. A number of novel steps are required to achieve this aim.  
Multipoint measurements during play conditions are not practical and so this paper shows how a 
limited set of in-play measurements can be combined with modal analysis to provide the necessary 
insight.  The modal analysis is itself challenging; the hand is known to affect racket modal behaviour 
and so this paper will look at modal analysis on both freely suspended and hand-gripped rackets and 
then simulate the addition of mass at the handle to compare a mass modified version of the freely 
suspended racket modal analysis with a hand-gripped racket modal analysis.  Stringing is an important 
factor and so the variability in racket behaviour attributable to differences between nominally identical 
strings is also considered.  Furthermore, consideration is given to experimental arrangements suited to 
the racket tests with the different support conditions. 
 
Experimental Modal Analysis 
Although frequencies up to 3000 Hz are excited in the frame of the racket by an impact between a 
tennis racket and a ball, the majority of energy is concentrated in the region below 1500 Hz [16].  For 
this reason, this study was designed to investigate modes up to at least 1500 Hz. 
Freely suspended racket experimental arrangement 
The racket frame used throughout this study was a HEAD AirFlow 7, with an unstrung mass of 
228 g and a headsize of 740 cm2.   The racket was strung with HEAD RIP Control strings at a tension 
of 245 N (55 lbs).  The RIP Control string is described as a multifilament string with a core of flexible 
fibres encased by a stiffer protective cover. 
 
The racket geometry was discretised by positioning small (3 mm diameter) circular markers 
(adhesive paper with white points on a black background) on the racket frame at the chosen response 
locations.  The circular markers were to be used directly as the measurement points thereby removing 
any discrepancy between the position of the points in the modal model and the actual measurement 
points.  38 markers were placed around the frame and 87 markers directly on the stringbed 
intersections as shown in Fig. 1, which also illustrates the wireframe model and the XYZ global axes.  
Experience was used in this study to determine the preferred locations of the markers and the number 
of points provided sufficient spatial resolution to investigate mode shapes up to 1500 Hz.  A two-
dimensional (2D) wire-frame model was subsequently created from the “marked-up” frame using an 
optical coordinate measurement technique (GOM Tritop [29]). 
 
Fig. 1. Tennis racket with optical markers and corresponding wireframe model with global axis system; 
shaker excitation location highlighted  
 
4 
Initially the racket was excited with a modally tuned impact hammer (Bruel & Kjaer Type 8206) 
and the response measured with a lightweight accelerometer using the roving excitation technique.  It 
soon became apparent, however, that the  impact hammer used was not capable of adequately exciting 
the stringbed up to 1500 Hz due to the lower combined stiffness of the strings and hammer tip 
compared to that of the frame and hammer tip.  
 
 
 
Fig. 2. Sum autopower spectra a) and average Coherence function b) from impacts on frame and on 
stringbed 
 
Fig.2a) illustrates the autopower spectra of impacts with the frame and the stringbed and Fig 2b) 
shows the corresponding coherence plots, which indicates that the coherence from the stringbed 
impacts decreases dramatically as the frequency increases towards 1500 Hz.  Obtaining repeatable 
excitation of the stringbed with the hammer also proved difficult due to the discontinuous nature of 
the stringbed surface.  To enable more consistent excitation in the full survey, an electromagnetic 
shaker attached to the racket via a stinger and a scanning laser Doppler vibrometer (SLDV) were used 
to excite and measure the response of the racket respectively using the roving response measurement 
technique.  This setup significantly decreased the total time taken to complete the measurements since 
the SLDV can be programmed to move its beam between the response locations automatically.  Care 
must be taken because velocity in the direction of the incident laser beam is measured and, for large 
measurement regions located close to the instrument, this direction can vary significantly from point-
to-point [30]. 
 
Although the results from impact hammer excitation were not used in the final analysis, these data 
were processed and revealed the first eight natural frequencies and their mode shapes.  This 
information was useful i) for determining a suitable driving point for the electromagnetic shaker (to 
ensure that all natural frequencies of interest would be sufficiently excited) and ii) for direct 
comparison with the data captured during the full survey (to ensure that the attachment of the shaker 
did not introduce significant local mass loading and/or stiffening effects.) 
 
The shaker was configured to exert a force normal to the plane of the stringbed (Z direction in 
Fig. 1) at the frame position where the yoke joins the frame, as shown in Fig. 3.  The racket was freely 
suspended with nylon threads from an extruded section of the aluminium structure, which was 
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designed to allow the racket to be suspended in vertical or horizontal orientations.  This enabled the 
response at various measurement locations on the frame to be readily measured in three orthogonal 
directions without changing the location of the SLDV.  The response of the stringbed could only be 
measured normal to the stringbed plane as the frame obstructed the line of sight of the laser when 
measuring in-plane.  While the response of the racket was measured both in-plane and out-of-plane, the 
excitation force was always normal to the stringbed (i.e. out-of-plane).  Preliminary testing confirmed 
that the in-plane modes were also excited by this method.   
 
The optical markers used to define the racket discretised geometry were also used as the 
measurement points as they provided the SLDV with a suitably reflective surface.  The markers on the 
stringbed were not used for measurements, however, since there was discrepancy between the marker 
and string velocity. A sufficiently strong SLDV signal was obtained with the laser beam focused 
directly on the stringbed intersections without any surface treatment.  
 
Fig. 3. Experimental arrangement a) schematic diagram and b) excitation location  
 
Freely suspended racket experimental results 
LMS Test.Lab software was used with an LMS SCADAS Mobile acquisition system to acquire the 
data as well as to act as a signal generator.  Linear averaged frequency response functions (FRF’s) were 
calculated from 20 individual measurements (no overlap, sample length of 1.3 sec, sample frequency 
6.4 kHz).  Burst random (white noise) excitation with a 0.05 sec ramp time was used to excite the 
racket for 50% of sample length.   
 
Fig. 4. Sum FRF’s measured out-of-plane and in-plane from AirFlow 7 strung with Sonic Pro strings 
at 245 N (55 lbs.) 
 
The sum FRF’s of the AirFlow 7 (AF7) strung with Sonic Pro strings at a tension of 245 N are 
displayed in Fig. 4.  The level of the out-of-plane FRF is approximately an order of magnitude greater 
than the in-plane equivalent because the intended racket excitation was in the out-of-plane direction.  
Even though the signal-to-noise ratio is lower in the in-plane data than in the out-of-plane data, in-
a) b) 
Excitation location 
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plane modes of vibration appear clearly, for example at 203, 442 and 974 Hz.  In addition to the 
content specifically due to the in-plane modes, it is possible to see that the out-of-plane modes are 
also evident in the in-plane FRF.  This is due to the fact that all of the mode shapes, whether in- or 
out-of-plane involve motion in all three direction; the descriptions in- and out-of-plane is simply 
chosen in accordance with the motion direction(s) that dominate.   
 
Fig. 5. Mode shapes of the tennis racket up to ≈ 1600 Hz 
 
The modes in Fig. 5 are labelled B, IP B, T or S identifying (out-of-plane) Bending, In-Plane 
Bending, Torsional or Stringbed modes.  The bending and torsional modes are relatively easy to 
visualize, as the racket behaves in a similar manner to a freely suspended vibrating beam.  For 
stringbed mode shapes, the labelling method used by Timme et al. [21] has been adopted.  The 
nomenclature for labelling is (x,y), where x is the number of nodal lines and y is the number of nodal 
circles.  Since the stringbed area is not circular, there will be mode shape pairs with the same number 
of nodal lines and circles but slightly different frequencies; these modes are differentiated by letters a 
and b to show the lower and higher frequency modes in each pair.  
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In total 15 modes were identified below 1600 Hz: nine frame modes and six stringbed modes.  
The frame mode family variants include out-of-plane bending, in-plane bending and torsional modes.  
The in-plane modes, being less well excited, were only readily identifiable once the out-of-plane 
velocity measurements were omitted from the data matrix within the software.  Since this data set was 
to be used to identify the modes excited during an impact with the same racket restrung with the same 
string at the same tension, there was therefore a need to investigate the variation associated with 
nominally identical stringing.  Consequently a subsequent EMA experiment was performed that used 
the same racket and was restrung with the same string at the same tension, the experiment followed 
the exact same protocol as previously described however in-plane modes were not measured.  The 
differences between the natural frequencies of the two rackets are shown in Table I.  The maximum 
percentage difference recorded was for T1 at 1.44 %, while S1 was determined to be of the same 
frequency (0 decimal places).  This shows that the dynamic behaviour of the racket will remain 
relatively consistent if it is strung at the same tension.   
Table I. Natural frequencies and damping ratios of the first 15 modes from two nominally identically 
strung rackets.  Natural frequencies displayed in bold and damping ratios displayed in italics.  
 
  Stringing 1 Stringing 2 Freq. 
Diff. % 
 Mode f .  Hz  ζ.  % f .  Hz  ζ.  % f .  %  
 B1 179 0.44 178 0.72 0.56 
 B2 511 0.37 511 0.45 0.00 
 B3 1000 0.58 1004 0.55 0.40 
 B4 1499 1.25 1501 1.35 0.13 
 IP B1 203 0.84 - - - 
 IP B2 442 0.61 - - - 
 IP B3 974 0.73 - - - 
 T1 416 0.54 422 0.52 1.44 
 T2 1152 0.79 1152 0.94 0.00 
 S1 667 0.09 667 0.11 0.00 
 S2 1065 0.16 1065 0.20 0.00 
 S3 1069 0.14 1073 0.16 0.37 
 S4 1395 0.18 1408 0.27 0.93 
 S5 1416 0.19 1414 0.18 0.14 
 S6 1567 0.13 1559 0.14 0.51 
Hand-gripped racket experimental arrangement 
One of the main difficulties associated with EMA of a hand-gripped racket is the inherent 
variability of the boundary condition that the hand-grip represents.  Changes in the grip location and 
pressure are inevitable; the effect of these variables has not been investigated in this paper.  
Additionally, a human will be incapable of holding the racket sufficiently still to prevent variation in 
mass or stiffness loading from the shaker assembly or to allow the SLDV to reliably address the 
measurement locations.   
 
For these reasons, two lightweight (0.6 g) charge accelerometers (B&K Type 4517-C) were used in 
this experiment to simultaneously measure the response of the racket in two directions (one out-of-
plane and one in-plane) at 38 points around the racket frame as shown in Fig. 6.  Response 
measurements were not measured from the stringbed as even these lightweight accelerometers 
significantly alter the modal properties of the stringbed, however the frequencies of the stringbed 
modes could be measured from the frame mounted accelerometers.  Far fewer measurement points 
were used but those selected were a subset of the points from the freely suspended racket experiment.  
The accelerometer used to capture the in-plane response was always mounted at a tangent to the 
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frame and, as such, its measurements included varying proportions of the two in-plane components 
according to its location.  To accommodate this, Euler angles were defined at each of the 
measurement locations and during subsequent software data processing, the measured FRF’s were 
resolved into each of the two global coordinate directions.  The racket was excited using an 
instrumented modally tuned impact hammer (B&K Type 8206) at three locations to adequately excite 
out-of-plane, in-plane and stringbed modes (Fig. 6), providing 228 FRF’s.  During this investigation 
one experienced subject was used to hold the racket as if they were about to play a forehand shot and 
to try to maintain a consistent pressure throughout the entire experimental procedure. 
 
Fig. 6. Discretised geometry of the hand-gripped racket with the three excitation points and arrows 
indicating direction of impact defined. 
 
Hand-gripped racket experimental results 
FRF’s were the linear average of five individual measurements (sampling frequency 6.4 kHz, 
sample length 0.64 sec with a 0.12 sec pre-trigger).  Recorded signals had decayed to zero by the end 
of the acquisition period.  Despite the variability of the hand-gripped boundary condition, the LMS 
Test.Lab Modal Analysis software identified numerous stable modes.  Fig. 7a shows the sum of the 
FRF’s collected.  Equivalent data from the freely suspended racket indicated that there was high 
modal density, particularly around 1000 Hz.  To improve the identification of the various modes, the 
data were split into three subsets, one for each impact position.  The sums of each of these subsets are 
shown in Fig. 7b; using this processing it was possible to identify many more modes of vibration than 
would otherwise have been possible. 
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Fig. 7. Sum of a) all FRF’s and b) FRF’s for each impact location. 
 
From visual inspection, the mode shapes obtained for the hand-gripped racket were very similar to 
those of the freely suspended racket and examples are shown in Fig. 8.  All modes for the freely 
suspended racket were also identified for the hand-gripped racket.  Three additional mode shapes 
were, however, identified in the hand-gripped racket data; they are annotated H1, H2 and H3 in Fig. 7 
and illustrated in Fig. 9.  These modes have only in-plane motion and were excited to the greatest 
extent with impact at point 29.  They differ from in-plane bending modes as they are symmetrical 
around the y-axis; the handle does not vibrate and the head vibrates in a similar manner to hoop 
modes found in cylinders.  For this reason they have been annotated as ‘H’.  These modes were not 
identifiable in the data from impact at location 33, which is the location used for shaker excitation of 
the freely suspended racket. 
 
Fig. 8. Example mode shapes for a hand-gripped racket left to right: B1, T1 and S1 
 
 
Fig. 9. Illustration of hand-gripped hoop modes left to right: “hoop modes” H1, H2, H3 
 
a) 
b) 
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Comparison of Modal Analysis Results  
Table II. Comparison of the modal properties of a freely suspended racket and a hand-gripped racket. 
 
Boundary 
Condition 
Hand-gripped   Freely 
suspended  
Freely suspended   Frequency difference 
hand-gripped and 
freely suspended / 
hammer % 
Excitation Hammer Shaker Hammer 
Mode f .  Hz  ζ.  %  f .  Hz  ζ.  %  f .  Hz  ζ.  %  
B1 167 5.83 179 0.44 180 0.65 7.22 
B2 502 2.46 511 0.37 510 0.41 1.57 
B3 980 3.36 1000 0.58 1000 0.60 2.00 
IP B1 192 5.97 203 0.84 206 0.76 6.80 
IP B2 428 2.38 442 0.61 439 0.58 2.51 
IP B3 962 1.41 974 0.73 969 0.76 0.72 
T1 413 1.59 416 0.54 416 0.58 0.72 
T2 1130 3.93 1152 0.79 1146 0.88 1.40 
S1 664 0.12 667 0.09 664 0.14 0.00 
S2 1051 0.50 1065 0.16 1060 0.28 0.85 
S3 1060 0.44 1069 0.14 1063 0.21 0.28 
S4 1387 0.37 1395 0.18 1384 0.20 0.22 
S5 1402 0.19 1416 0.19 1407 0.18 0.36 
S6 1551 0.23 1567 0.13 1556 0.18 0.32 
H1 837 2.60 - - 853 1.61 1.87 
H2 1069 1.41 - - 1083 1.04 1.29 
H3 1600 1.44 - - 1606 1.01 0.37 
Table II compares the modal frequencies and damping ratios for freely suspended and hand-
gripped rackets.  Comparison of the natural frequencies identified for the freely suspended racket with 
the two different excitation techniques reveals good correlation; less than 1 % difference in all modes 
apart from IP B1 which is decreased by 1.5 % with the shaker experimental design.  The damping 
ratios are also similar, suggesting that the shaker attachment method did not add significant damping 
to the system.  Table II reveals the effect of the hand on the racket; the first out-of-plane and in-plane 
bending mode frequencies are reduced the most (7.2 & 6.8 %, respectively).  The effect of the hand 
on the damping ratios is far greater.  For example the damping ratio of B1 is increased from 0.44 to 
5.83.  The effect of the hand is greater on the frame modes than the stringbed modes.  The location of 
the hand relative to a node line of a mode shape influences the effect of the hand on that particular 
mode’s frequency and damping ratio.   
Although the mode shapes were labelled by visually comparing the mode shapes, a Modal 
Assurance Criterion (MAC) was performed to establish the effect of the hand on the mode shapes and 
whether mode switching had occurred.   
 
Fig 10: Modal Assurance Criterion analysis of freely suspended and hand-gripped racket a) out-of-
plane modes and b) in-plane modes 
 
Fig. 10a illustrates the MAC for the out-of-plane modes with good agreement for all modes (above 
0.7), except B3 which was calculated to be 0.498.  The plot also shows that mode switching has not 
occurred.  The in-plane modes are more poorly correlated, as shown in Fig. 10b, with values of 0.32, 
a) 
b) 
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0.52 and 0.57 for IP B1, IP B2 and IP B3 respectively.  This lower correlation may be due to the hand 
having a larger effect on in-plane than out-of-plane mode shapes but poor excitation of in-plane 
modes with the chosen shaker orientation is believed to be the main factor. 
Vibrations measured from an Impact 
The final stage of the experimental investigation was to compare the two modal analysis data sets 
from the freely suspended and hand-gripped racket with vibrations excited during a typical tennis 
shot.  A male tennis player was recruited from Loughborough University’s tennis team to participate 
in the study (the same subject as used for the hand-gripped modal analysis experiment).  It was 
important that the player was of a high standard to improve the consistency in the data from shot to 
shot.  The subject was instructed to hit 10 forehand flat shots (normal impact), aiming at a target 
marked onto protective netting.  Tennis players normally intentionally impact the ball at non-normal 
angles to impart angular velocity to the ball, but in this study it was paramount that the excitation of 
the racket from the ball should be as consistent as possible in terms of impact location and angle of 
impact.  
 
The vibrations excited in the racket frame were measured with the same accelerometer 
arrangement as used in the hand-gripped modal analysis experiment.  The measurements were 
triggered with a positive slope in the signal from the out-of-plane accelerometer (sample frequency 
25600 Hz, sample time 0.08 s with a 0.008 s pre-trigger). 
 
Fig. 11. Sum of FRF’s and mean frequency responses of the racket frame during 10 forehand shots in 
the a) in-plane and b) out-of-plane direction. 
 
The acquired data was averaged in the frequency domain across 10 impacts so that the mean 
response of each accelerometer could be compared with the sum of the FRF’s from the hand-gripped 
modal analysis (Fig. 11).  The frequencies excited during the shot can be attributed to discrete mode 
shapes.  Although the amplitude of the fundamental out-of-plane bending mode (B1) does not 
dominate the spectrum as might be thought with a contact time of 5 ms, this result is consistent with 
data presented by [25]: a ball impact nearer the tip of the racket would result in greatly increased 
excitation of the B1 mode.  Fig. 11 provides a visual comparison of the data while Table III compares 
the exact frequencies.  The difference in the frequency of the stringbed mode is likely to be caused by 
inconsistencies in the stringing process rather than any differences in the boundary conditions.  The 
frequency of B1 and B2 was lower in the hand-gripped impacts data than from the hand-gripped 
modal analysis testing, although this could partly due to the 12.5 Hz resolution in the impact data, 
which is considerably higher than the uncertainty in the modal frequency for which curve fitting has 
been performed.  This frequency resolution may also be a reason why it was not possible to 
distinguish between the pairs of stringbed modes in the ball impact data (S2 and S3 as well as S4 and 
S6). 
 
Although the grip force was not measured, the same subject was used for both investigations.  
However as Brody [8] suggests that the grip force is increased during an impact due to the recoil of 
the racket, it is assumed that the grip force acting on the racket could be greater during the tennis 
impacts than during the modal analysis.  The results presented in this paper so far have quantified how 
a) 
b) 
H1 
IP B2 S1 IP B3 
H2 
H3 
 
IP B1 
B1 
T1 
S1
S2 & S3 S4 & S5 S6 
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the hand adds damping to the modal frequencies of the frame as well as reducing their frequencies.  It 
is believed that it is the mass of the hand that reduces the frequencies of the structure but the hand is 
a complex mass comprised of many different interconnected bodies each with its own mass and 
damping properties.  The data suggest, therefore, that the effective mass of the hand changes 
depending on the grip force.  Literature states that the mass of a human hand is circa 0.61 % of the 
total mass of the body [31]; for the subject this equated to 0.61 kg.  
 
 
Table III.  Comparison of frequencies from a freely suspended racket, hand-gripped modal and hand-
gripped tennis shot with the predicted mass needed to reduce the frequency 
 
Boundary 
Condition 
Freely 
suspended 
Shaker 
Hand-gripped 
hammer 
Hand-gripped 
ball impact 
40 g Mass 
modification  
140 g Mass 
modification  
Mode f .  Hz f .  Hz f .  Hz f .  Hz f .  Hz 
B1 179 169 150 169 150 
B2 511 502 475 503 479 
B3 1000 980 - 968 856 
IP B 1 203 192 - - - 
IP B 2 442 428 - - - 
IP B3 974 962 962 - - 
T1 416 413 412 417 417 
T2 1152 1130  1147 1145 
S1 667 664 675 667 667 
S2 1065 1051 - 1065 1065 
S3 1069 1060 1062 1069 1069 
S4 1395 1387 1388 1395 1395 
S5 1416 1402 - 1416 1416 
S6 1567 1551 1562 1567 1567 
H1 - 837 837 - - 
H2 - 1069 1088 - - 
H3 - 1600 1612 - - 
 
To investigate the mass required to reduce the natural frequencies of the freely suspended racket 
to the values recorded for hand-gripped rackets, the structural modification tool within LMS Test.Lab 
was used.  Mass was added to the handle of the racket by evenly distributing lumped mass across the 
nodes which were contacted by the hand during the hand-gripped testing.  The mass was increased 
incrementally until the desired frequency of B1 was achieved.  A total mass of 40 g was required to 
reduce the frequency of B1 to the frequency of first bending mode recorded from the hand-gripped 
modal analysis, whereas 140 g was needed to reduce the frequency by a further 19 Hz to the frequency 
of the first mode recorded from the hand-gripped impact data.  Table III details the effect of the 
added mass on the other modes.  IP B and H modes are not shown in the mass modification data as 
these modes were weakly excited in the shaker modal test and so unlikely to be reliably predicted in 
the mass modification calculation.  This result seems to be in accordance with Cross’s [32] experiment 
where a lumped mass of 184 g attached to the butt of the racket had the same effect on the natural 
frequency of the racket as a “firm” grip.   
Discussion and Conclusions 
Experimental modal analysis has been conducted on freely suspended and hand-gripped rackets 
with both frame and stringbed modes identified in three dimensions and up to 1.5 kHz.  An impact 
hammer and accelerometer combination was best suited to the hand-gripped racket but a scanning 
laser Doppler vibrometer and electromagnetic shaker combination was preferred for the freely 
suspended racket enabling measurements directly from the stringbed.  Impact hammer / 
accelerometer data captured from a freely suspended racket verified that the shaker attachment had 
minimal effect on the modal behaviour of the racket. 
 
In all, 4 bending, 3 in-plane bending, 2 torsional, 6 stringbed and 3 hoop modes were identified in 
the range between 178 Hz (first bending) and 1559 Hz (sixth stringbed).  Variations in modal 
frequencies associated with nominally identical stringing were found to be generally less than 1%.  
Hand-gripping of the racket resulted in the expected reductions in the frame modal frequencies but 
stringbed modes were largely unaffected.  The results suggested that all the modes of the freely 
suspended racket are identifiable in hand-gripped rackets.  Using MAC, the predominantly out-of-
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plane modes correlated well (>0.7) between the freely suspended and hand-gripped rackets while the 
in-plane modes, which were not well excited in the freely suspended racket tests, were less well 
correlated (0.3 – 0.6). For the freely suspended racket, frame modes typically had damping ratios of 
circa 0.5 % rising significantly in the hand-gripped condition.  Stringbed modes were closer to 0.1 % 
and unaffected by support condition.  
 
Mass modification to the modal model of the freely suspended racket confirmed the widely-held 
view that the hand-gripped racket can be considered as a freely suspended racket with mass addition 
around the handle.  However, the added mass required to match the experimental first bending mode 
of the hand-gripped racket was significantly lower (by a factor of around 15) than the mass of the 
actual hand. 
 
In play tests, the first two bending modes, the first torsional mode, the first two stringbed modes, 
the first two hoop modes and the third in-plane bending mode were identified in the frequency range 
from 150 Hz to just over 1 kHz.  While stringbed modes are dominated by stringbed deflection, there 
is also motion of the frame, particularly for S1, and so these lightly damped modes feature 
prominently in frame measurements taken under play conditions.  Further reductions in the frequency 
of the bending modes was observed, equivalent to a mass addition at the handle three to four times 
greater than that required to match the bending mode frequencies in the hand-gripped racket modal 
tests, buts still only some 25% of the actual hand. 
 
Together, these data show that play-test vibration data can be reliably associated with vibration 
modes through a comprehensive modal analysis on a freely suspended racket and the use of the mass 
modification modal analysis tool.  Such intimate knowledge of the modes excited under play 
conditions is the basis from which innovative structural modifications, in terms of mass, stiffness or 
damping, can be implemented to develop rackets, and other sports equipment, with enhanced ‘feel’ 
characteristics. 
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